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Abstract
The concept of structural health monitoring (SHM) is increasingly adopted by the
composites industry, in order to meet strict safety and durability requirements and to
minimize the occurrence of the unexpected structural failure of carbon fiber reinforced
polymer components in various applications. Self-sensing is one of the favourably used
techniques for SHM by measuring electrical resistance change of structural composite
under loading. An electrically conductive polymer matrix is required to detect early matrixdominated failure modes in carbon fiber reinforced polymers (CFRP) composite using the
strain-electrical resistance based self-sensing technique. Introducing carbon nanotubes
(CNTs) into an insulating polymer matrix enables electrical conductivity to occur by
percolating the CNT networks. Since there is no systematic understanding of how to use
CNTs in CFRP for sensing strain and monitoring structural change under cyclic loading,
evaluating the effects of adding CNTs to CFRP composites to improve strain self-sensing
is the principal aim of this study.
To achieve this aim, effects of different concentrations of multiwall carbon nanotubes
(MWCNTs) on the quality of dispersion, viscosity, electrical conductivity and mechanical
and electromechanical behaviour of MWCNTs/epoxy nanocomposite under tensile and
fatigue loading are first investigated. Scanning Electron Microscope (SEM) images
indicate good dispersion of the 0.3 and 0.5 wt% MWCNTs within the epoxy using an
ultrasonic tip method, and it was found that the addition of 0.3 wt% and 0.5 wt% enhanced
the tensile strength and fatigue performance of nanocomposite. Moreover, the surface and
volume electrical conductivity of the epoxy composite increased as the concentration of
MWCNTs increased, with a threshold percolation of almost 0.3 wt%. Samples with 0.5
and 1 wt% MWCNTs, display a linear and reversible response under cyclic tensile loading
comparing to the neat and low concentration of MWCNTs nanocomposites. The Gauge
Factor (GF) decreased from around 2.1 to 1.7 when the concentration of MWCNTs
increased from 0.5 to 1 wt%. Moreover, increasing the crosshead speed from 1 mm/min to
10 mm/min reduced the GF from 2.10 to 2.05 and from 1.8 to 1.7 for the 0.5 and 1 wt%
MWCNTs samples, respectively. When the samples underwent more than 1000 tensile
mechanical cycles, the GF values changed at the 800th cycle from around 1.7 to 1.9,
indicating a permanent microstructural change in the composites. The 0.5 wt% MWCNTs
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sample has a parallelogram hysteresis loop in the relative electrical resistance ( 𝑅 ) against
0

strain plot at a cross-head speed of 10 mm/min, while at 1 mm/min crosshead speed as well
as for 1 wt% MWCNTs nanocomposite (at both speeds 1 and 10 mm/min) the samples
show significant hysteresis behaviour. The mechanism of this difference is discussed in
Chapter 4.
The effects of MWCNTs addition into the epoxy matrix of CFRP are further investigated.
The results showed that the addition of MWCNTs improved mechanical properties.
Improvement in mechanical strength was 36% and 24% for the samples with 0.3 wt%
MWCNTs, while the samples with 0.5 wt% MWCNTs had Improvement up to 24% and
12.6% at 1 and 10 mm/min tensile speed rates respectively, compared to the neat epoxy.
The results also show the 0.3 and 0.5 wt% MWCNTs improve the fatigue performance of
CFRP composite by about 35% and 27%, respectively, compared with CFRP composite
without MWCNTs. The hysteresis area of the stress-strain loops for the nanocomposite
was consistent up to around 600 cycles, followed by a significant fluctuation that indicated
structural damage. While for the CFRP composite, the stress-strain hysteresis area was
consistent throughout the 2000 cycles of the test. Electrical conductivity and
electromechanical performance of the CFRP was enhanced with the addition of MWCNTs
because the filler formed a conductive network which increases the conductivity of the
matrix and CF-CF contacts through the bulk of the nanocomposite sample. The relative
∆R

change of the electrical resistance ( 𝑅 ) on the surface and through the thickness of neat,
0

0.3 and 0.5 wt% MWCNTs CFRP was carried out during cyclic loading of tensile and
three-point bending tests. The change of through the thickness relative electrical resistance
∆R
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0

( 𝑅 ) against strain is easier to distinguish and not as noisy as the surface alteration of ( 𝑅 ).
Compared to the tensile experiments, the GF values obtained under three-point bending is
higher, which shows that the sensibility of the samples under bending is greater than in the
tensile mode. When the samples were submitted to cyclic three-point bending, the sample
with 0.5 wt% MWCNTs had the highest sensibility because the GF value increased from
∆R

2.5 at 0 wt% to 5 at 0.5 wt% MWCNTs CFRP composite. Moreover, ( 𝑅 ) decreased as the
0

load increased on the compression side, whereas it increased on the tension side and
through the thickness in each cycle. The GF values decreased as the amount of maximum
III

(elongation) deflection increased because of the increase of the CF-CF contacts and current
penetration through the thickness. At a high number of cycles, the 0.5 wt% MWCNTs
CFRP composite became more durable and sensitive to structural change. Because
MWCNT concentrations above 0.5 wt% result in significant increase in the viscosity of
resin and high porosity in the CFRP composite samples, no higher MWCNT concentration
is investigated in this work.
Fiber Bragg Grating (FBG) sensors were further embedded in tensile samples to measure
and monitor changes in strain in the nanocomposite structure, as well as the CFRP
∆R

composite under cyclic loading. When the changes in the FBG’s strain and ( 𝑅 ) is
0

compared as a function of time, there is a reasonable agreement in the responses for both
the nanocomposite and CFRP composite. Although, the electrical change is more sensitive
than the change in strain of embedded FBG to any structural change in the CFRP composite
under cyclic loading.
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Introduction
Background and motivation
Composite materials are widely used in the most advanced technological applications
such as automotive, marine and aerospace industry, owing to their high strength and low
weight [1]. In a Boeing 787 airplane, the amount of CFRP composite makes up nearly
50% of the total structural components [2]. Albeit the growth in demand for carbon fiber
reinforced polymer (CFRP) in advanced applications, fatigue damage is a critical issue in
structural design because it leads to an unexpected fracture of components and enormous
maintenance costs. Predicting the fatigue damage of composite materials is still a major
challenge because of the multiple possible sources of failure including matrix cracking,
fiber breaking and fiber/matrix delamination [3]. Therefore, significant effort has been
exerted to predict and avoid the failure of the CFRP composite materials by improving
their properties as well as finding or improving structural health monitoring (SHM)
techniques which would allow for monitoring of their structural changes during their
service life [4-6].
Recent development in SHM techniques is to utilize the composite material itself to
monitor changes in its structure [7]. As an example, the variations in the strain and the
degree of damage in the structure of CFRP composite can be monitored based on the
variations of electrical conductivity originating from the conductive network of carbon
fibers (CF) within the matrix [8]. Although this method has been proven to be useful to
assess the structural changes of CFs, monitoring of the health of the non-conductive
matrix and the CF/matrix interface has been an issue. Additionally, previous studies were
mainly focused on simulations and experimental studies based on a single fiber rather
than a bulk composite [9]. In order to solve this problem, it is important to improve the
conductivity of the polymer matrix for more accurate predictions of the CFRP behaviour,
with the ultimate aim of reducing the cost of preventive maintenance.
One of the potentially viable options is the usage of carbon nanotubes (CNTs) within the
matrix to act as an active filler [10]. Although, enhancement in the electrical response has
been proven both theoretically and experimentally there is a need for further investigation
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which would address issues such as, choice of an appropriate filler concentration to
enhance mechanical and electrical properties, appropriate method for an assessment of
the behaviour using mechanical tests (constant loading and cyclic loading), and electrical
response during fatigue experiments.

Research aim and objectives
This current work aims to investigate the influence that adding MWCNTs has on the
mechanical, electrical and electromechanical properties of epoxy nanocomposite and its
carbon fiber reinforced composite materials. The overall aim of the project will be
achieved by meeting the following objectives:
➢ Determining how the concentration of MWCNTs affects rheological
characterisations such as the viscosity, shear rate, and shear stress of epoxy
resin.
➢ Achieving effective dispersion of MWCNTs into the epoxy matrix and then
examining how it influences the morphology of MWCNTs/epoxy
nanocomposite material.
➢ Studying the mechanical hysteresis and energy dissipation of nanocomposite
materials under cyclic loading.
➢ Evaluating the electrical response of MWCNTs/epoxy nanocomposite
materials used for cyclic load sensing applications.
➢ Investigating how different concentrations of MWCNTs in CFRP
(MWCNTs/epoxy/CF) composite affect the mechanical behaviour of these
materials.
➢ Estimating the amount of damage vs the number of cycles of carbon fiber
reinforced CFRP composites.
➢ Investigating the potential of MWCNTs to enhance the electromechanical
performance, as an indicator for self-sensing the strain changes of CFRP
composite.
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Structure of the thesis
This thesis is structured as follows:
➢ Chapter 1 presents the background and motivation for this study and then states
the aims and objectives behind this research.
➢ Chapter 2 presents a literature review of the principles, manufacturing, and
applications of composite materials. This chapter focuses on the mechanical,
electrical and electromechanical properties of composites, as well as their
cyclic load sensing applications.
➢ Chapter 3 describes the materials, the techniques used for preparing the
samples, and the methods used for their characterisation.
➢ Chapter 4 identifies the effects that MWCNTs dispersion has on the rheological
matrix, it also evaluates the mechanical, electrical and electromechanical
behaviour, as well as the FBG sensor wavelength strain of MWCNTs/Epoxy
nanocomposite.
➢ Chapter 5 describes the quasi-static mechanical properties and fatigue
performance of CFRP (epoxy/CF with and without MWCNTs) composite
materials.
➢ Chapter 6 examines the electrical properties of CFRP composite with and
without MWCNTs and evaluates the potential of MWCNTs to enhance the
composite electromechanical performance, strain self-sensing and FBG sensor
wavelength strain.
➢ Chapter 7 presents the conclusions of this thesis and recommends key points
for future studies.
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Literature Review
Composite materials
A composite material is a material system with two or more physically distinct phases.
When these phases are combined, the aggregate properties created are dissimilar, but
ideally superior compared to their constituents [11, 12]. At least two phases must used to
make up these composite materials, one phase is known as the matrix, which is
continuous, while the second phase is known as the dispersed phase because it is usually
is wrapped by the matrix. The properties of these composites are based on the properties
of the constituent phases, their respective quantities, and on the dispersed phase geometry
[13, 14]. Composite materials are mainly artificial materials (i.e. particle-reinforced,
fiber-reinforced, and structural composites) as well as natural materials such a wood and
bone, as shown in Figure 2:1[15].

Figure 2:1 Schematic of the classification of composite materials [15].

Fiber-reinforced composite materials are manufactured from fibers that have high
strength embedded in a matrix. While the fibers and matrix both maintain their physical
and chemical properties, they also generate a mix of properties that are not visible when
either constituent is on its own. Fibers are the main load-carrying members, whereas the
surrounding matrix ensures they remain in their required location and orientation, this
surrounding matrix also functions as a mean of load transfer between them while keeping
them secure from environmental destruction due to increased temperatures and humidity.
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Therefore, even though the reinforcement for the matrix is offered by the fibers, they also
provide various valuable functions in a fiber reinforced (FR) composite material. Various
layers of fiber that are permanently bonded to each other by adhesive material (matrix)
form Laminate composite materials, there is generally a strong relationship between the
properties of the reinforced fibers composite and their orientation (i.e. not isotropic
materials) [16, 17].

Figure 2:2 Different types of composite materials.

There are two phases in several composite materials. The first is known as the matrix,
while the other is frequently referred to as the dispersed phase which is embedded within
the matrix. The properties of the composite depend on the properties of the raw materials,
their respective quantities and the shape of the dispersed phase [15, 18].
A fiber reinforced polymer (FRP) composite material consists mainly of reinforcing
fibers and a polymer matrix that works as a binder for the fibers. In industrial applications,
the fibers are mainly glass, carbon-based, and Kevlar, although other fibrous materials
such as boron, aluminium oxide, and silicon carbide are also used to some extent [19].
These fibers can be included in a polymer matrix, either in continuous lengths or in
discontinuous (small) lengths.
Thread-like carbon materials form carbon fibers (CFs) have impeccable mechanical
performance and various functional properties. Polymeric precursors or carbon allotrope
building blocks are used to create CFs in a process that comprises of creating precursor
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fibers, spinning, stabilization, carbonization, and in certain situations, further activation
or graphitization [20]. Hence, these materials include >92% of highly anisotropic carbon
[21, 22].

Carbon nanotube/polymer nanocomposites
Nanocomposites refer to multi-phase materials in which at least a single constituent is
less than 100nm [23]. Therefore, CNT/polymer nanocomposite consisting of a host
polymer matrix phase and carbon nanotubes as the nano-scale filler phase [24]. Carbon
nanotubes have large surface energy and have a tendency to group together in bundles or
agglomerates owing to their nanometer-scale size and large aspect-ratios. For instance,
CNTs normally collect in bundles or ropes which is believed to decrease the surface
energies of the tubes on their own [25]. A homogenous dispersion may be attained in the
polymer mixture by separating the aggregates or bundles during processing. [26]. As a
result, a significant issue faced by CNT/polymer nanocomposites is creating reproducible
dispersions of CNTs in polymers [27].
Polymer Matrix
Polymers used in the manufacture of FRP composite are thermoplastics and thermosetting
plastics [28]. The thermosetting matrices used to develop these composite structures
include epoxies, polyesters, and vinyl-esters, and there are cross-links between all of them
[29]. The polymer matrix used most extensively for producing carbon fiber is
thermosetting plastic [28]. Heat is applied to create these resins, but once produced,
reheating does not make them soften or melt, nor do they dissolve in solvents. However,
thermoplastic matrices such as polyurethane, polypropylene, polyethylene, and polyvinyl
chloride, do not undergo any major chemical changes during their formation, so they can
easily regain the original monomer, except in situations when they are defective [30, 31].
Thermoset polymers (also known as resins) are traditionally used in the form of matrix
material to produce FR composites. Initially, low-molecular-weight chemicals with very
small viscosities are used to polymerise a thermoset polymer [32]. Before the
polymerisation reaction begins, the fibers are either pulled through or dissolved in these
chemicals. When fiber is included, the polymer has very low viscosity, which is why a
good wet-out between the fibers and the matrix can be attained in the without a high
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temperature or pressure. To attain a fiber-matrix interaction in the composite, fiber
surface wetting is critical because it is a key requirement for exhibiting good mechanical
performance [33, 34]. In a fiber-reinforced composite, the matrix has the following roles
[35]:
➢ To keep the fibers in position.
➢ To transmit stresses among the fibers.
➢ To serve as a barrier to adverse surroundings such as chemicals and moisture.
➢ To keep the surface of the fibers secure from mechanical degradation.
On the other hand, attention is also given to composites reinforced with nanometric
materials or “nanocomposites” because of the properties acquired with limited
nanoreinforcements [36, 37]. The large surface area determines the performance of
nanocomposites because they provide a strong interface with the polymeric matrices [38].
Nonetheless, issues such as the dispersion of nanoparticles as reinforced materials over
fibers and the large volume of micro reinforcement used have not been completely
resolved [39]. For example, carbon allotropes such as fullerenes, carbon nanotubes (CNT)
and graphene materials such as graphene oxide (GO) or reduced graphene oxide (RGO)
have been examined in epoxy materials largely because their intriguing properties are
produced with small quantities of nanomaterials [40-43]. Nonetheless, the dispersion, of
these fillers in epoxy resin, has not been fully resolved and requires improvements in such
materials. Those resins that have been altered with nanomaterials show improved physical
properties compared to the corresponding pure resins (without filler) [44], these include
higher strength and crack resistance, and reduced shrinkage, as well as enhanced electrical
conductance and limit combustibility [45]. Many of these resins that have been altered
with carbon nanotubes are still at the testing phase [46]. The state of CNT in the epoxy
effects significantly on their nanocomposite properties and play an important role in the
determination of their possible uses [47]. When there are small concentrations of carbon
nanotubes (CNTs), the matrix dominated interlaminar shear strength, tensile strength, and
modulus of composites are improved [48], and various studies have demonstrated that
when CNTs are added, there could be a significant increase in the interfacial shear
strength [7].
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Carbon Nanotubes (CNTs)
In 1991, carbon nanotubes were identified as tubular carbon structures with a maximum
of 10 graphitic shells with surrounding shell that is separated by 0.34 nm, they are called
multi-wall carbon nanotubes (MWCNTs) [49]. Single wall carbon nanotubes (SWCNTs)
were later produced by Iijima and Ichihashi [50], and Bethune et al [51]. It is possible to
structurally envisage a single carbon nanotube as a single, seamless, rolled up graphene
sheet where the carbon atoms in the graphene sheet are organised in a hexagonal lattice.
MWCNTs include graphene sheets that are organised concentrically around a core with
outside diameters that range from 5nm to hundreds of nanometers. There is a single
graphene layer in SWCNTs with standard diameters that range from 1-2nm, these types
of carbon nanotubes are created from a sheet or layer of graphene which are rolled to
create a cylindrical nanotube [52]. Figure 2:3 and Table 2.1 illustrate and show the
properties of SWCNTs and MWCNTs.

Figure 2:3 Schematic diagrams of CNTs structures: (a) Graphene sheet, (b) Rolling-up a
graphene sheet, (c) Single-wall tube of graphene and (d) Types of CNTs [53].
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Table 2.1 The properties of SWCNTs and MWCNTs [54].

Various methods such as electric arc, photoablation and chemical vapour deposition
(CVD) are utilised to manufacture CNTs [55]. Figure 2:4a is a schematic diagram of the
electrical arc method. In this technique, CNTs are produced using arc-induced
vaporisation of two carbonic bars placed almost 1 mm apart in a specific room that is
normally full of argon or helium at low pressure. A high-temperature discharge is
produced between the two electrodes by a direct current of 50 to 100 amber that is
compelled by a potential variation of almost 20V [56-58]. In 1995, the laser ablation
method was used to create carbon nanotubes for the first time [59]. A schematic diagram
of this laser ablation technique is shown in Figure 2:4b. The laser vaporisation of graphic
rods and the catalytic mixture of cobalt and nickel were used to create these samples.
Another method used to create carbon materials such as CF and CNT is chemical vapour
deposition (CVD), as shown in Figure 2:4c [60, 61].
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Figure 2:4 Schematic of the CNTs manufacture techniques: (a) electrical-arc discharge, (b)
photoablation and (c) chemical vapour deposition (CVD) [55].

The strongest and stiffest materials discovered so far with respect to the strength and
modulus of elasticity are CNTs [62-64]. Their strength is produced by the covalent sp2
bonds between the distinct carbon atoms. CNTs are extremely powerful in an axial
direction such that Young’s modulus and the tensile strength range between 270-950 GPa
and 11–63 GPa [65], because the electrical properties of CNTs can be conducting or semi10

conducting [62, 63, 66]. Electrons circulate directly across the axis of the tube due to its
nanoscale cross-section [67], which is why carbon nanotubes are often called onedimensional conductors. It is likely that all nanotubes are good thermal conductors across
the axis, and show a property called ballistic conduction [68], however, they are also good
insulators when in a lateral direction to the tube axis [69, 70]. Even though pure CNTs
are actually non-magnetic, most CNTs that are produced (SWCNTs as well as MWCNTs)
have magnetic properties that are probably acquired from the entrapped catalyst
nanoparticles in their inner cavity [71]. Graphitic cylindrical walls that are made from
carbon atoms form pure CNTs, and since CNTs have a non-polar nature, their surface
(particularly that of MWCNTs) is extremely hydrophobic in nature and shows good
affinity towards non-polar materials such as hydrocarbons, oils, paraffin or organic
solvents [72, 73]. When a mechanical strain is used to separate carbon nanotubes, the
band-gaps and structural changes that take place alter the electrical properties. It is
important to examine the electrical properties of CNTs that undergo mechanical
deformation because nanotubes are extremely valuable in electromechanical devices [74].
Another factor that affects the electromechanical behaviour of CNTs is the change in the
band-gap in a carbon nanotube due to mechanical strain [75]. Their excellent mechanical,
electrical and electro-chemical properties means that carbon nanotubes were expected to
have a huge impact in critical technological domains such as aerospace, automotive,
energy, medicine or chemical industries, where they are used as actuators, catalyst
supporters, composite reinforcements, sensors and actuators, as well as various other
possible uses [76].
A lot of efforts have been made to create a new generation of flexible, stretchable, highly
sensitive and low-cost strain and pressure sensors on the basis of CNT/polymer
nanocomposites, so several CNT-based sensors were created. The next few sections
present an outline of the developments made in carbon nanotube-based conductive and
sensing research, with a special focus on the CNT-polymer range. A short review of
CNT/polymer nanocomposites and their fiber reinforcement is also put forward.
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Bonding between CNT and resin
Mechanical and physical performance of the nanocomposite depends largely on the
CNT/polymer interfacial interactions which play a significant role in the load transfer
between CNT and polymer matrix [77-80].
There are two types of CNT/polymer matrix interactions, which are non-covalent and
covalent. Some examples of the non-covalent interactions include, CH-π, π-π stacking
(Figure 2:5) and Van der Waal's forces. Bridging, specific interfacial area and wrapping
of polymer around the CNT, are specific techniques used to enhance the non-covalent
interaction in CNT/polymer nanocomposite [81, 82]. In case of bridging techniques, the
polymer's chain interacts with two or more CNT at the same time [83]. The specific
interfacial area is interfacial area per unit volume in the nanocomposite, which depends
on the concentration and diameter of the filler as well as the density ratio of polymer to
filler in the nanocomposite [84]. Wrapping technique is responsible for the improvement
of the dispersion of CNTs and interfacial bonding between CNT and polymer in the
nanocomposite [82, 85]. Several studies have discussed the mechanism behind the
improvement of the CNT/polymer matrix interfacial strength. Barber et. al used a pullout measurement to establish the separation strength of the CNT/poly-ethene-butene
matrix interface, and they found that the separation strength is 47 MPa. In addition, the
study showed that the polymer around the CNT can withstand a level of stress higher than
the failure stress of the bulk sample [86]. Liao and Li studied the interfacial characteristics
of CNT-polystyrene (PS) composite, without atomic bonding, through molecular
dynamics simulation and continuum elastic theory. They reported, that when the atomic
bonding between the carbon nanotube and the matrix is absent, there are other forces
which take part in this interaction. Interfacial adhesion is then dependent on electrostatic
and Van der Waal's interactions, deformation being a result of those forces and stressdeformation which arises from a mismatch of the coefficients of thermal expansion
between the CNTs and the polymer. The results of their study showed that the interfacial
strength is 160 MPa [87]. Lordi and Yao studied the sliding frictional stress and separation
energies of different polymer matrixes reinforced with pristine CNT. The study showed
that a helical wrapping of polymer around the CNT improved the interface strength in
comparison to frictional forces and binding energies [88]. The covalent interaction
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methods can be used to improve the strength between the CNTs and polymer in the
nanocomposite, based on the functionalization at the ends and/or sidewalls of CNTs.
These covalent chemical bonds improve the behaviour of nanocomposites by enhancing
interaction at the interface between the CNT and polymer matrix (Figure 2:5) [89].
In case of sensor application, the interaction between the CNT and the polymer is
necessary to form a piezoresistive strain sensor. Kang et. al concluded that under static
and dynamic strain, the strain response of the buckpaper sensor degraded because of weak
Van der Waals interaction, while CNT/PMMA polymer sensor shows a linear symmetric
response due to strong polymer interfacial interaction [90]. Costa et. al demonstrated that
the electrical and electromechanical properties of CNT/elastomer (SBS) composite are
improved by the addition of covalently functionalized CNTs [91].

Figure 2:5 Schematic illustration of different interfacial interaction types between the CNT and
the polymer in nanocomposite materials including (a) π-π interactions (b) polymer wrapping
around CNT and (c) covalent interactions [92].

Dispersion of CNTs in polymer matrices
Good dispersion of CNTs in the polymer matrix improves the mechanical and physical
properties through effective load transfer from matrix to CNTs in CNT/polymer
nanocomposite materials. In addition, a good dispersion reduces the electrical resistance
of the nanocomposite which is important when designing strain sensors based on
electrical resistance change [90, 93]. Dispersion methods include mechanical (or
physical), chemical or a combination of both methods.
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Chemical dispersion methods
The purpose of chemical techniques is to alter the surface energy of nanotubes so that the
propensity for surface to surface adhesion, attraction, or self-assembly is reduced by
utilising functionalisation or surfactants [94]. Through chemical functionalisation,
chemical groups can attach themselves to the nanotube walls and ends and then create
covalent bonds with the polymer [95]. A key challenge is faced when using chemical
dispersion methods by the damage caused to the structure of the nanotubes due to defects
in the nanotube walls which adversely affects their mechanical properties [96]. Moreover,
costly chemicals are needed when using this method, so it is not commercially appealing.
CNTs repel most solvents, and therefore the usual dispersing techniques such as solution
mixing for creating nanocomposites will create issues [8]. To enhance the dispersion of
CNTs, surface functionalization has been used even though it adversely affects the
intrinsic properties of these fillers, some recent studies did find some exceptions [96].
Mechanical dispersion methods
One of the methods used to disperse carbon nanotubes is mechanical dispersion using an
ultrasound technique (Figure 2:6). In ultrasonic methods, high energy is used to help
disperse the solids in fluids using bubble production and collapse sequences [97].
Ultrasonic energy is sent to liquids through either ultrasonic baths or ultrasonic horns.
However, there is low sound pressure in a bath sonicator, unlike a horn, i.e. tip sonicator.
High sound pressures can be created by tip sonicators that create a link between the
transducer and a resonating metal rod. At the end of the rod, a high-intensity sound field
is created which leads to mixing by turbulent fluxes and acoustic streaming in suspension
[98]. Sonication has some detrimental effects, such as damage to the CNTs’ walls through
cuts, buckles or irreversible bends [99] that may reduce the electrical and mechanical
properties of CNTs quite significantly. Researchers usually use low power bath sonication
instead of high power tip sonication to maintain these properties, even though the high
power offers better CNT dispersion [100].
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Figure 2:6 CNT dispersion techniques (a) bath sonication, (b) tip or probe [55].

Another method that is usually used to disperse carbon nanotubes in polymer matrices is
shear mixing, this technique does not damage the surface of the nanotube [101]. A shear
force can be applied to the nanotube-polymer mixture using equipment such as planetary
shear mixers [101], three roll mixers, dissolver disks [63], blade mixers, blade mixers,
and homogenisers or drill mixers [102]. Figure 2:7 shows two of these CNT dispersion
methods: (a) Shear mixing and (b) three roll mixture. Carbon nanotubes can also be
dispersed to a certain degree by ball milling and grinding [103-105].
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Figure 2:7 CNT dispersion techniques (a) Shear mixing, [106] (b) three roll mixers [63].

Properties of CNT/polymer nanocomposites
Sonication is a pulsed ultrasound that exfoliates agglomerates and disperses CNTs into
the polymer matrix [46, 107, 108]. Several studies have dealt with preparing and
characterising CNT/epoxy composites using the sonication method for different
applications, for example, Simone and Nunes prepared CNT/epoxy composites using a
sonication process [109]. To prepare composites, various times and sonication powers are
utilised to examine how the sonication process would impact on the curing reaction of
neat epoxy resin and CNT/epoxy composite. A differential scanning calorimetry was used
to examine the curing reaction, and the findings were linked to an assessment of gel
permeation chromatography. It was found that the sonication power determines the
impact that CNTs have on the curing of epoxy resin. Martone et al. showed that the
nanocomposites prepared by sonication exhibited the lowest concentration of MWCNTs
aggregates compared with nanocomposites that were prepared by mechanical and
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magnetic dispersion methods [110]. The ultrasonic dispersion of multiwalled carbon
nanotube (MWCNT) suspensions was examined by Fr et al. by assessing the differential
sedimentation of particles in an acid anhydride that is frequently used as a curing agent
for epoxy resins [100]. It was found that the horn sonicator was better than the low-power
bath sonicator because it offered improved dispersions at good sonication times.
These studies showed that when using CNTs commercially, their dispersion in the epoxy
matrix is considered to be a significant problem. Most studies have used various solvents
to decrease the viscosity of the CNT/polymer mixture and to improve the dispersion of
CNT in the polymer. However, most solvents are repelled by CNTs, which then lead to
poor interaction between CNTs and polymer and can have a negative impact on the final
properties of the nanocomposite [111]. Galtieri et al. showed that adding acetone solvent
to the polyester resin leads to uncomplete thermoset network in the internal structure of
the nanocomposite, and this results in reduction in mechanical properties [112]. Even
though a solvent helps to disperse the filler, there are still issues with removing the solvent
and the impact of residual solvent on the properties of resin [113]. On this basis more
studies are needed to provide a new approach that will disperse pristine MWCNTs in
epoxy resin without any solvent, this is one of the objectives of this study.
The load transfer from the matrix to the CNTs is prevented by the poor interfacial
interaction between CNTs and the polymer matrix. Therefore, the key difficulties
encountered by the CNT/polymer composite are uniform dispersion of CNTs in the
polymer matrix and the powerful interfacial interaction between them [114-116].
Rheological properties of CNT/polymer nanosuspension
The rheological behaviour of CNT/polymer resin effects significantly on the mechanical
and physical performance of their nanocomposite because it can change the network
structure and dispersion state of the CNTs, as well as the interfacial interaction among
the CNTs and polymers [117, 118]. In recent times, a lot of effort has been made to assess
the advantages offered by using this altered form of resin as the matrix in traditional fiber
reinforced polymer (FRP) composites. When an FRP is created using resin transfer
moulding or infusion, or using the hand lay-up technique, there was filtration and reagglomeration of the CNT [119-121]. Therefore, obtaining sound knowledge of the
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rheological behaviour of the CNT/epoxy suspension so that new nano-modified FRP
composites can be created is vital. The rheological properties of multi-wall nanotubes
(MWNTs) dispersed in a viscous polymer have been shown by Huang et al. [122], they
demonstrated the relationship between viscosity, mixing time, and the dispersion state.
The gap in the experiments was only (0.01 mm) so bulk behaviour may not be shown.
The impact of the preparation technique, the MWNTs aspect ratio, orientation and
concentration on the constant and dynamic viscosities of epoxy/MWNT suspensions have
been examined by Fan and Advania using a cone and plate rheometer, they found that the
quality of dispersion impacted the viscosity of an MWNTs suspension more than the
aspect ratio [123].

Figure 2:8 (a) Steady-shear viscosity of MWCNTs/epoxy Suspension, (b) TEM images of
interconnected MWCNTs aggregates within the structure of the MWCNTs/epoxy
nanocomposite [123].

The shear flow and optical observations were carried out by Rahatekar et al. on
CNT/epoxy suspensions. According to them, high viscosity at low shear rates occurred
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due to the interlinked aggregated of CNT, whereas shear thinning at high shear rates
occurred because these aggregates disintegrated, they considered that the alignment of
CNT had no effect. 1 wt% CNT was added to the epoxy, which did not create a significant
variation to the viscosity because incorrect ranges of shear rate were chosen for the
measurements (most of the points were over 1000 s-1) [124]. The dynamic and steady
rheological behaviour of CNT/vinyl ester-polyester suspensions with or without CNT
amino-functionalisation was examined by Seyhan et al. They showed that the rheological
behaviour of the epoxy changed from Newtonian to pseudo-solid-like behaviour with the
increased concentration of CNTs, with a threshold percolation of almost 0.3 wt%. Adding
functionalized CNTs results in an insignificant effect on the rheological behaviour of
CNT/epoxy suspension, especially above 0.3 wt% [125].
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Figure 2:9 Shear rate vs viscosity of 0, 0.05, 0.1 and 0.3 wt% MWCNTs/resin of (a) MWCNTs
and (b) MWCNTs-NH2 [125].

Abbasi et al. showed there is a significant increase in viscosity with nanotube loading,
and because of nanotube alignment in shear flow, the suspensions exhibited more shearthinning [126]. This significant decrease in viscosity and change in shear-thinning maybe
because the carbon nanotubes have a tendency to act like macromolecules in solution.
When the shear rates and shear stresses are so high in micro-injecting moulding, the
nanotubes do not “stick” together and may face flow induced disentanglement and
alignment that depict a shear-thinning effect like entangled polymer chains would when
there is high shear flow. The rheological properties of aqueous dispersions of acid-treated
nanotubes have been examined by A. et al. who showed the storage modulus scales with
CNT concentration as a power law, and there was shear thinning at high shear rates [127].
The crossover points were examined by Mun et al. to obtain a quantitative measurement
of the rheological percolation threshold of nanofillers in polymer matrices, the rheological
percolation threshold was obtained experimentally for the first time using this definition
[128]. The way molecular weight and shear viscosity of the medium influences the
percolation of CNTs is shown separately. The creation of helical bands in CNT/epoxy
suspensions in shear flow with a very small gap has been examined by Ma et al. [129].
The shear flow on CNT/epoxy suspensions, as well as optical observations, was carried
out by Rahatekar et al., who associated the high viscosity at low shear rates to the
existence of interconnected aggregates of CNT. They also claimed that shear thinning at
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high shear rates occurred because these aggregates break, they excluded CNT alignment
as a potential cause [124]. According to Kim and Son, the resistivity of the injection
moulded nanocomposites was affected largely by the viscosity of the PC (polycarbonate)
matrix [130], so when the viscosity of the PC matrix increased, there was an increase in
the resistivity of the nanocomposites. There are two reasons for this: first, when
synthesizing the PC/MWCNT nanocomposites, it is easier for a less viscous matrix to
enable the PC matrix to penetrate into the MWCNTs bundles, and second, the lower
viscosity of PC leads to a lower orientation of MWCNTs.

Figure 2:10 Change of (a) Low, (b) medium, and (c) High viscosity of PC/MWCNTs/matrix
nanosuspension [130].

This literature review indicates that carbon nanotubes affect the rheological behaviour of
suspensions such that the viscosity increases as the concentration of CNTs increases,
therefore the viscosity depends on:
1. The dispersion state.
2. The orientation of CNT.
3. The aspect ratio of CNT.
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Although studies were carried out on the rheology characterisation of CNT/epoxy
suspension, most focused on functionalised CNTs. In this current work, the effect that
different concentrations of prictine MWCNT have on viscosity and rheological transitions
will be assessed and examined more extensively.
Mechanical performance of CNT/polymer nanocomposites
Two variables are needed for good mechanical performance: a high level of load transfer
between the matrix and the nanotubes so that local stress concentrations can be prevented,
and adequate dispersion of the nanotubes, because if not, the nanocomposite will fail as
the bundle separates rather than the nanotube itself [131, 132]. For a long time, the
mechanical properties of nanocomposites presented in several studies indicated that when
carbon materials are included in the polymer matrix, the mechanical properties improved
considerably under optimised processing conditions, this includes an appropriate
processing technique, various combinations of polymers and conductive fillers, aspect
ratios, and quantities of carbon materials. Gojny et al. studied the effects of the nanofiller
concentration and functionalization of the surface, and on the mechanical properties of
the strength of nanocomposite material. They found good improvement in fracture
toughness (43%) for 0.5 wt% amino-functionalised DWCNT [133].

Figure 2:11 Effect of concentration of (a) non- functionalised and (b) amino-functionalised
nanofiller on the epoxy nanocomposites tensile strength [133].

Montazeri et al. found an increase in the modulus of elasticity and ultimate strength of
MWCNTs/ epoxy composites, up to an MWCNTs concentration of 2.0 wt%, but when
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the CNT compositions increased further composites properties became degraded [134].
An increase in the modulus of elasticity and ultimate strength in MWCNTs/epoxy resin
nanocomposites with varying wt% of MWCNTs fillers was also observed by Cui et al.
[135]. The mechanical behaviour of MWCNTs/epoxy nanocomposites was also
examined by Zhou et al. by adding varying amounts of CNT (0.1, 0.2, 0.3, and 0.4 wt%)
into the epoxy. The tensile modulus consistently increased depending on the
concentration of CNTs such that its maximum strength occurred at 0.3 wt% CNT, but
then it decreased when more CNT was added to the matrix [136]. Studies were carried
out on how adding surface functionalised MWCNTs to the epoxy matrix affected the
quality of dispersion, the nanofiller/epoxy interaction, and the mechanical and
viscoelastic properties of nanocomposites. The results showed the mechanical properties
improved due to the powerful interfacial interactions between nanofiller and matrix [137].

Figure 2:12 The effect of CNT loading on the (a) tensile, (b) impact strength of epoxy
reinforced by pristine and carboxyl-functionalized MWCNTs [137].

Robert et al. showed that CNTs marginally enhanced the mechanical characteristics of
epoxy, and even when different types of CNTs are used, the epoxy systems and dispersion
methods do not bring about the changes required. Similarly, while the fracture toughness
of neat epoxy can be improved without adding CNTs by altering the curing method,
mixing (oxidising) the hardener, and adding more hardener than the stoichiometric ratio
[138]. The impact of filler loading on the ductile properties of MWCNT and GNP filled
epoxy amalgams were investigated by Ervina et al. They found through their experimental
study that adding MWCNT and graphene nanopowder (GNP) in epoxy does not have
much effect on the ductile properties of the filled epoxy nanocomposite [139].
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Figure 2:13 The effect of the MWCNTs and GNP concentrations on the tensile strength [139].

Vahedi et al. showed that adding 0.1% and 0.05% of MWCNTs, tended to attain
maximum tensile strength (18.83%) and flexural strength (8.2%). Moreover, Young’s
modulus of nanocomposites escalates when the MWCNTs fillings ranged from 0.05 to
0.5 mass%, as opposed to the tensile strength. The greatest extent of flexural modulus
nanocomposites was obtained when the MWCNTs filling was 0.25%, this is a 4.7%
greater improvement in neat epoxy [140].
The nanocomposites are designed to be used under static and dynamic loading conditions.
Therefore, several studies considered the effects of a variety of loading condition on the
mechanical mechanism and performance of the nanocomposite materials. The
compressive characteristics of epoxy (LY 556) nanocomposite at high strain rate loading
were provided by Naik et al., along with quasi-static properties for cross-evaluation. This
is an improvement in the compressive strength provided at high strain rate compared to
the tensile loading because the compressive strength is directly proportional to the strain
rate. Moreover, there is an improvement in the compressive modulus at high strain rate
loading compared to the tensile loading [141]. Naik et al. stated that the literature
available is not enough to fully understand the high-strain rate behaviour of thermoset
resins such as epoxy reinforced nanoparticle [142]. Similarly, the studies as available in
[143], state that Young's modulus as well as the yield and break strength of Polypropylene
(PP) reinforced MWCNTs nanocomposite are directly related to the injection pressure,
the concentration of MWCNTs, and the strain rate. However, the yield strain and strain
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at break tend to decrease as the concentration of MWCNTs, and the strain rate and
injection pressure increase.

Figure 2:14 The effect of MWCNTs concentration and crosshead speed on the yield strength
[143].

Cyclic loading is thought to be the major reason why structural materials cannot withstand
cataclysmic breakdowns. Airliners, for example, tend towards failure when exposed to
fatigue loads, even though their stress limit is below the ultimate strength [144]. In the
wind-energy industry, the following structural characteristics are required for wind
turbine blades:
➢

Adequate strength of turbine blade bending.

➢

Minimum 20-years of fatigue life (108 cycles).

➢

High strength to mass ratio.

The addition of CNTs in epoxy-based composites has helped to enhance their structural
properties [145-147]. However, there are comparatively more studies based on the fatigue
cycle of fiber reinforced CNT/polymer composites [145, 148] than those carried out on
the fatigue life of CNT/polymer composites [149]. Figure 2:15 shows a graphic
representation of the available fracture methods of CNTs: (a) Primary state of the CNT,
(b) Pull-out of CNT from the matrix because of weak adhesion between them, (c) break
down of CNT itself, due to strong interfacial bonds and extensive and strong local
distortion, (d) breakage of outer layer due to high interfacial bonding between the matrix
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and the ends of the nanotubes, while the inner layers are pulling-out, (e) connecting and
partial de-bonding of the borders and local bonding to the matrix allows for linking
fissures and interfacial breakdown in the dispersed areas.

Figure 2:15 Graphic representation of common fracture methods of CNTs [133].

The potential value of CNTs in future structural applications can be understood better if
the long-term functionality of nanocomposites under cyclic loading is studied
comprehensively. The literature available on the fatigue performance of epoxy filled with
MWCNTs presents abstruse findings as per the level of dispersion of the MWCNTs into
the epoxy [150]. In their study, Loos et al. examined the impact of adding 0.19 wt%
MWCNTs in an epoxy upon the tension cyclic fatigue performance [149]. Significant
quantities of MWCNTs agglomerates were extracted while assembling the copolymer,
this resulted in a big improvement in the low-stress levels of the nanocomposite systems
due to the crack-bridging and pull-out processes of MWCNTs. Jen and Yang found that
adding 0.5–1 wt% concentration of acid-treated MWCNTs improved the fatigue
performance of epoxy resin (bisphenol epoxy), unlike the neat epoxy. Furthermore, When
the fatigue strength decreased as the concentration of MWCNTs increased, this is
probably due to the presence of MWCNTs agglomerations. The major improvement in
fatigue performance was because of the pull-out and bridging mechanisms across the
cracked matrix of the CNTs [147].
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Electrical and electromechanical behaviour of CNT/polymer nanocomposites
The primary objective to be attained by studying the electrical conductivity of carbon
nanotube/polymer nanocomposites is to obtain higher electrical conductivity from the
lowest volume fraction of carbon nanotubes. This will eventually reduce the
manufacturing and production costs for conductive nanocomposites because lesser
amounts of carbon nanotubes will be needed. The major concepts and issues addressed
by the preceding experimental and theoretical research into the electrical conductivity of
CNT/polymer nanocomposites included studying the interface between polymers and
CNTs, diffusion of CNTs in polymer matrices, and the impact of different manufacturing
processes and conductivity measurement methods. As the volume fraction of CNTs, the
carbon nanotube/polymer nanocomposites gradually transform from insulators to
conductors in the three transitional phases shown in Figure 2:16. In this Figure region I
shows the low volume fraction region for CNT, where the nanocomposite holds the
insulating characteristic of the matrix phase, since no percolating network is formed by
any of the clusters of nanotubes, and the distance between nanotubes is more than the
critical inter-tube ‘tunnelling distance’ (i.e. D > Dt). In region I the distance among the
CNTs decreases as CNTs concentration increases gradually. After point (a), an
electrically conductive network is formed, and the electrical conductivity of the
nanocomposite will increase suddenly. In region II the ratio of nanotube linkups with the
inter-tube distances is less than or equal to the critical ‘tunnelling distance’ (i.e. D ≤ Dt),
which gradually increases to strengthen conductivity. This region is referred to as the
percolation region while the volume fraction at which the composite converts from being
an insulator to a conductor is known as the percolation concentration or percolation
threshold. The nanocomposite achieves maximum conductivity at high CNT volume
fractions which are attributed to the development of multiple percolating networks (paths
1, 2 and 3 in region III, Figure 2:16), and the conductivity of the nanocomposite becomes
constant [151, 152].
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Figure 2:16 Electrical conductivity vs the CNT concentration of the CNT/epoxy nanocomposite.

The following power-law function describes the electrical conductivity of the
nanocomposite with an increase in the volume fraction of the conductive filler [153, 154].
𝜎𝛼(𝑝 − 𝑝𝑐 )𝑡

(2.1)

where, 𝑝𝑐 and t refer to the percolation concentration and critical exponent, respectively.
The validity of this equation can be obtained provided that 𝑝 > 𝑝𝑐 and 𝑝 – 𝑝𝑐 is a smaller
value. The conductivity-volume (or mass) fraction data is added to the power law function
to obtain the values for percolation concentration( 𝑝𝑐 ), and the critical exponent (t). On
the other hand, these parameters can also be obtained by simulation. Percolation
concentration denotes the filler content that is available at the time when the composite
transitions from insulator to conductor, whereas the critical exponent represents the
dimensionality of the system under observation [154]. The complex nature of the
percolation threshold of CNT/polymer nanocomposites is due to the absence of an
agreement on percolation thresholds of CNT/polymer composites. For example, the
literature provides threshold values for a general MWCNTs/epoxy nanocomposites which
vary from 0.002 to over 4 wt% [19, 20, 54, 155-159]. This variation in value is attributed
to the reliance of electrical properties of polymer-CNT mixtures on parameter factors and
nanotube factors such as aspect ratio [160], treatment [161-163], dispersion [164, 165],
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and alignment [166] and other aspects of polymer type, viscosity, and processing
parameters [167]. The specific amount of CNT to be added into the epoxy to induce
conductivity must be determined in order to achieve an effective electrically conductive
material. This can also be referred to as determining the percolation limit or threshold.
The literature review provides that the addition of a specific fraction of CNTs to
nonconductive epoxy induces electrical conductivity in the material which is beneficial
for self‐sensing damage. These electrically conductive substances use self‐sensing
characteristics to detect stresses or impairment caused by external loading.
Piezoresistivity denotes the proportion of the alteration in electrical resistance to the
original resistance, represented as ∆R. Where, ∆R represents the electrical resistance
change at a provided strain level, while R0 is the initial electrical resistance.
Piezoresistivity is also referred to as sensor sensitivity, gauge factor, and sensitivity factor
in the literature to indicate sensor performance. The ratio of piezoresistivity to the applied
axial strain ε is referred to as the gauge factor (GF) or sensitivity factor.
𝐺𝐹 =

∆𝑅
𝜀𝑅0

(2.2)

The performance of CNT/polymer nanocomposite sensors depends on nanotube factors
such as size, morphology, aspect ratio, intrinsic conductivity, and polymer type.
Nanocomposite strain sensors are designed to perform under both tensile and compressive
strains, in static and dynamic loading conditions. It is now possible to obtain an expansive
range of sensor sensitivities, owing to the large variety of nanotube types, polymer
matrices, characterisation techniques, and manufacturing techniques. The receptive
piezoresistivity results of various types of polymer nanocomposite materials are presented
in Table 2.2.
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Table 2.2 The piezoresistivity results of nanocomposite materials selected from some literature studies.
Materials
MWCNTs(1-5 wt%)/Epoxy(bisphenol-F
epoxy resin)
SWCNT+ sodium
dodecylbenzensulfonate in deionized
water deposited on a polyethylene
terephthalate (PET) film
CNT/ Polypropylene (PP)
MWCNT/Carbon
black/Polydimethylsiloxane (PDMS)
(thin film)
MWCNTs/Vinyl ester resin
0.5 wt% MWCNTs/Epoxy (Bisphenol Aepichlorohydrin (thin film deposit on
cantilever beam)
MWCNTs/ Epoxy (bisphenol-F epoxy
resin) (thin film deposit on cantilever
beam)
MWCNTs/Epoxy resin diglycidyl ether
Bisphenol A
SWCNTs/polymer (urethane
dimethacrylate
(UDMA) + hexanediol dimethacrylate
(HDDMA).
MWCNTs/Polysulfone (PSF) (thin film)

Preparation method
planetary
mixer

Type of test

Gauge Factor (GF)

Reference

Tensile test with AC current

256 for 1 wt%

[168]

Sonication &
Spray coating

Tensile cyclic (10000 cycle)

0.8

[169]

Mixing at 900 C

Tensile cyclic (10 cycle)

0.8 to 2.9

[170]

Bath sonication &
magnetic stirring

Tensile loading test (105 Cycles)

12.25

[171]

Mechanical stirring &
ultrasonic horn

Tension and compression cyclic
loading (Until failure)

2.6

[172]

Horn sonication &
magnetic stirrer

Uniaxial loading (10 Cycle)

78

[173]

planetary
mixer

Uniaxial loading (4 Cycle)

2 to 7.1 for compression
3.2 to 22.4 for tensile

[174]

Ultrasounic probe

Tensile loading cycles (8-18
cycles)

≈0.7 to 4.5

[175]

Bath sonication &
magnetic stirring

Tensile cyclic loading until
failure

0.74 to 2.13 for axial strain
4.73 to 10.54 for transverse
axial

[176]

Solution casting

Tensile cyclic loading (3 cycles)
Static and dynamic tensile
loading
Cyclic compressive loading
(5cycles)

0.74

[177]

2.3 t0 4.3

[178]

0.2 to 0.6

[179]

MWCNTs/Epoxy (Araldite LY556)

Countersinking

MWCNTs/Polyurethane (PU)

Ball milling
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Carbon fiber reinforced polymer (CFRP) composites
Manufacturing techniques
The distinctive characteristics of CNT have attracted the interest of academics and
industrialists in order to enhance the utility of filler materials in polymeric
nanocomposites and integrate them into traditionally used fiber-reinforced polymer
matrix composites. There are a number of manufacturing methods for composite
structures, providing a variety of products of variable cost and quality. One of the basic
and most cost-effective manufacturing processes is that of a wet layup, however it does
not produce quality products. In this method, the resins are saturated into woven fabriclike fibers by hands. Rollers or brushes are usually used to achieve this process. Normally,
nip-roller type impregnators along with rotating rollers and a bath of resin are used to
infuse resins into the fabrics. The laminates are then cured under optimal atmospheric
conditions [180].

Figure 2:17 A wet layup process scheme [180].

Autoclave manufacturing is another effective process used to prepare high-quality
composite structures, but it requires large equipment and is relatively costly [181]. In this
research, the autoclave process is not used because the operating cost exceeds the project
budget. Moreover, it cannot be used to achieve the objectives of low-cost composite
research, which is why composite autoclave manufacturing is not discussed in the
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following. However, Ciriscioli, Wangcan and be studied to gather more information about
these processes [182, 183].

Figure 2:18 Schematic of the autoclave process [184].

Liquid Composite Moulding (LCM) is a moderate set of manufacturing processes which
sit between a wet layup and autoclave processes. These LCM techniques have
comparatively lower manufacturing costs and produce a lower quality product than the
autoclave method. However, the quality of parts produced by the LCM method is better
than the quality of wet layup, but with increased costs [185]. In this method, a fibrous bed
is saturated with a liquid resin and allowed to crystallize to produce a composite part. The
process of saturation is known as an infusion. Generally, moulds with different shapes
are used to form the desired parts which are subjected to fluid motion over the fabric, by
increasing pressure on the resin by creating a vacuum in the preform. The LCM process
has been adopted into a number of variants such as Resin Transfer Moulding (RTM),
Light RTM, and Vacuum Assisted Resin Transfer Moulding (VARTM). Every method
has its own particular pros and cons [180].
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Figure 2:19 Resin transfer moulding process [186].

Vacuum Assisted Resin Transfer Moulding (VARTM) process:
Vacuum Assisted Resin Transfer Moulding (VARTM) is a one-sided process of
modelling which uses vacuum pressure to draw resin across a fibrous preform. In this
process, a single sided mould is used to layer the preform which is taped up with a flexible
vacuum bag. The flexibility of the vacuum bag enables the atmospheric pressure to
condense the fibers, when the space between the bag and the mould is subjected to
vacuum pressure. The mould has perforations from the resin inlet, which allows the resin
to be pulled into the preform while a vacuum pressure is being applied [187].

Figure 2:20 Schematic diagram of VARTM [188].

Advantages:
The VARTM process has comparatively lower apparatus costs than RTM method
because it only requires a single-sided mould which can be manufactured from low cost
material, this process does not involve the injection of high pressure or an interface with
another mould. Moreover, this process produces low defects in the structure of composite,
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compared with other processes such as hand layup procedures or RTM infusions, because
the preform is under vacuum pressure [189, 190].
Disadvantages:
In the VARTM process, a maximum of 50-60% fiber fraction volume is attainable as only
1 atm of vacuum pressure is used to compress the preform [191]. The use of lower
pressure in VARTM infusions means that longer periods are needed for filling, relative
to RTM. Moreover, it is not a suitable method to manufacture small components with a
high surface finish [192].
Damage of fiber reinforced polymer composites materials
A number of researchers prefer the potential positive impact of using CNT-modified
epoxy matrix on the properties of CFRP attained by enhanced interface amalgamation
that is achieved by the addition of MWCNTs [193-195]. Moreover, any damage to
composite materials is usually invisible, unlike conventional materials, which makes it
difficult to assess its impact on the material properties, in fact, the damage is very
unpredictable. During the lifespan of mechanical fatigue, the development of damage in
laminate composite consists of three stages [196, 197] (Figure 2:21). In the first phase (I),
damage is developed within the first 5% of the composite life, causing reduced stiffness,
in the second phase (II), damage is stable, but slower to develop and leads to a further
reduction in the stiffness of the composite material. In the last phase (III), there is an
abrupt decrease in standard stiffness which eventually leads to failure (remaining 5–15%
of the total composite life). The provided condition is a thermoset matrix strengthened
with unidirectional or woven fibers. Before the composite fails completely it undergoes
the following conditions [198]:
➢ Transverse crack subjugated condition.
➢ Multiple transverse cracking and debonding.
➢ Debonding cracks subjugated condition.
➢ Ultimate Failure.
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Figure 2:21 Damage stage of the laminate structure.

A number of factors are responsible for causing damage in composites, they include
stress, moisture, harsh temperature during service and manufacturing flaws such as
vacuums, uneven fiber, and matrix cracks and breakups [199]. While manufacturing
defects do not cause much damage during the initial period of service, the general
condition of this material during its service life must be monitored to identify any
pertinent damage modes during its usage. Owing to the strict safety and durability
requirements for various applications (particularly for civil aircraft), the composite parts
and structures used in aircraft are overdesigned to rule out the possibility of unexpected
internal failure. To achieve this result the concept of structural health monitoring (SHM)
has been integrated into the composites industry for the past few years [200].

Non-destructive evaluation of reinforced composites
Nondestructive technique (NDT) can be applied individually or a group and causes no
permanent damage to the object. NDT testing and evaluating is relatively new for
scientists or researchers and covers about a 50 to 60 year span [201]. Delivering
quantitative and qualitative data to the end user is the main aim of nondestructive
examination (NDE), which is why it is mainly used in areas where large and expensive
components are to be examined [202]. A variety of NDT techniques are used extensively
in aerospace, food, nuclear and offshore industries, to name but a few. Non-destructive
testing (NDT) techniques such as embedded sensors and self-sensing material systems,
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etc. are a few of the suggested health monitoring concepts [203]. NDT practices that are
frequently used in the application of fiber-reinforced polymer (FRP) for analysing the
structural health of material and assessing its residual life under mechanical loading have
been defined. Acoustic emissions (AE) are basically transient waves in the material
structure, at ultrasonic frequencies, that are produced after stress is applied, due to the
evolution of defects [204]. An acoustic inspection technique is used in ultrasonic testing
(UT) to calculate the reflection, transmission, or backscattering of elastic waves in the
material structure [205]. Digital image correlation (DIC) is the name given to the noncontact optical technique used to calculate strain under mechanical loads that are static or
dynamic at the surface of a sample. The outcome received is in the form of deformation
maps, and mostly as macroscopic results [206, 207]. X-ray radiography and X-ray
computed tomography are utilised in X-ray radiography and tomography. In this
procedure, the internal structures of composite materials are scanned by conventional
radiography applied through a penetrating X-ray beam. X-radiograph is a 2D image that
is produced by projecting the depreciated beam onto an X-ray sensitive film or a specific
scanner. An X-radiograph explains the cartography of X-ray attenuation due to alterations
in electron density along the direction of the beam. Radiography is utilised to identify
mesoscale and macroscale composite destruction such as the propagation of cracks and
delaminating composite layers [208]. The technique of X-ray tomography, or X-ray
computed tomography uses slices of 2-dimensional X-ray images to produce 3dimensional imaged volumes. The internal attributes of a structure or specimen are
exposed by differential absorption or scattering of an X-ray source in X-ray imaging
[198]. To calculate the changes in temperature of high dimensional composite samples
the non-contact technique known as infrared thermography (IT) is applied [209]. Lasers
are used in the optical method known as shearography which portrays variations through
it at the surface of a structure, assessing the composite parts in aeronautics are generally
carried out using this technique [210]. Identifying debonding or the beginning of
delamination is usually done through shearography because the risk of composites failing
increases as stress concentrates around a particular defect [211]. For the last twenty years,
the evolution of (THz) sources has allowed production of the minute (picosecond) pulses
necessary for energy of 0.1- 4 THz (1012 Hz) frequency, thus a resolution (theoretically
in nm order) greater as compared to microwaves (mm order) is acquired [212]. Here,

36

identifying variations in the fiber volume fraction of specimens is possible, if applied as
a NDT technique on GFRP composite materials [213]. One example of an
electromagnetic NDT technique is eddy currents that identify and describe the surface
and flaws of conductive materials measured through electromagnetic induction [214].
The main reason why the new non-destructive evaluation (NDE) technique, known as
fiber optic Bragg grating (FBG) sensor is used, is to observe the strain and temperature
profiles of structures in service conditions [215, 216]. The SHM of fibre reinforced
materials is attained by the promising NDE technique which uses the alterations of the
electrical resistance to monitor the strain and damage of the material. The embedded
optical fiber FBG sensor is another focus of this study within the fiber reinforced
composite and self-sensing technique to detect the strain and damage of the material.
Structural health monitoring has yielded several benefits, thus proving it to be a promising
method for smart composite materials. The prospect of changing the paradigms of
material design in the upcoming years is possible using smart composite materials with
embedded sensors. The future objective for the SHM system is to form fully integrated
with situ SHM networks by replicating the functionality of the human nervous system.
External situations or stimuli that have similarities to the capabilities of a human body
can cause a reaction and change through the smart material. The components to be
integrated into smart material to recognise its capacity are sensors, processing units and
actuators, these components will simulate the nerves, brain, and muscles of a human
nervous system, as shown in Figure 2:22. Until now, no smart material incorporating all
three components is accessible, despite the efforts being made to integrate each
component into one whole.
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Figure 2:22 Smart materials and simulation of the human nervous system.

Structural health monitoring (SHM) of composite structure using optical
fiber sensors (OFS)
The piezoresistive sensors and optical fiber sensors (OFS) are generally used in composite
materials to measure the strain [217]. The SHM of composite materials can also utilise
OFS while performing an operation because they can diagnose and monitor conditions,
and be used as a human nervous system by embedded it into the material structure [216].
The studies regarding OFS embedded into composite structures points out that monitoring
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the stress-strain response, changes in temperature, and any structural change in a
composite during curing, crack growth and delamination can all be done through OFS
technology, on this basis it has the potential for monitoring the condition of many
composite materials applications [218, 219].
Various forms of OFS available for measuring changes in the strain and temperature of
composite materials include FBG sensors [220, 221], interferometric (i.e. using
electromagnetic waves) OFS [222], polarimetric sensors [223], fiber optic microbend
sensors [223], distributed sensors (using techniques such as Rayleigh scattering, Raman
scattering, and Brillouin scattering) [224, 225] and hybrid sensors [226, 227].
FBG sensors are preferable to be used as the optical sensors for structural health
monitoring because their size is non-intrusive and because it has multiplexing capabilities
and is easy to embed into a composite material [221, 228, 229]. FBG has a grating region
for filtering light wavelengths, because some lights are reflected and others are passed
over based on their wavelength. A reflection is produced by occasionally modulating the
refractive index structure of a Bragg grating, as shown in Figure 2:23. The light reflected
due to the intervallic change in the refraction index of a Bragg grating, and the central
wavelength, is calculated using the following equation [230]:
𝐵 = 2𝑛𝑜 

(2.3)

Here, 𝑛𝑜 represents the index of effective refractive in the gratting pitch guided mode

Figure 2:23 Fiber Bragg Grating (FBG) [230].

Variations in the fiber grating pitch are the reason for a strain sensitive Bragg wavelength.
An alteration in the reflected Bragg wavelength can be seen when strain is put on the
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grating. The value of practical strain can be calculated using the value of reflected
wavelength because the applied strain causes alterations, the FBG strain sensitivity at
1550 nm is usually around 1.2 pm/με [230].
Several researchers have worked on finding the damage in composite by embedded fiber
optic sensors [231]. Keulen et al. indicate that those studies on embedded FBGs to
understand how a composite structure degrades under cyclic loading and in real time,
correlate this to approximations of the remaining useful life (RUL), which has yet to be
carried out. Moreover, the very high fatigue cycles for an embedded FBG sensor need to
be examined because most studies have been directed to predict the composite specimens
of FBG sensor-based RUL aimed at tension-tension uniaxial fatigue loading. The optical
fiber has been found to be attached to the composite and had not become degraded in the
outcome [232]. The fatigue areas in CFRP and double-lap joint tests with embedded FBG
sensors has been assessed by Yashiro et al., who found that FBG can be used for early
detection of tip disbanding of a disband-tip growth [233].

Figure 2:24 Strain vs. number of cycles measured by extensometer and FBG embedded sensor
[233].

The study by Kocaman et al. assessed the failure of foam core sandwich composites under
different modes. Embedded FBG sensors were used to monitor the material response
under three-point bending cyclic loading, but their response depends largely on the
applied failure mode. The outcome revealed that the FBG sensor can be used as the SHM
for a foam core sandwich [234].
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Electrical resistance measurement as a tool of self-sensing technique
The main emphasis of this thesis is the most favourable SHM technique that uses
electrical resistance measurements to sense the strain and damage of structures. The
inspection of conductive materials such as CFRP composite, which generally comprises
of a high fiber volume fraction, (Vf) is carried out using techniques based on changes to
electrical resistivity [235]. Here the damage in CFRP influences changes to the electrical
resistance of the material, thus a simple measurement of electrical resistance would help
with the damage state in real-time monitoring [203].
Figure 2:25 shows a comparison between the strengths and fetters of various SHM/NDT
techniques, based on convenience, integrity, and the probability of sensing different FRPs
failure modes, the integrity mentioned here denotes the need to utilise minimum
equipment and interference with the properties of the original material. The word
convenience here refers to the possibility for in-situ applications and dimensional
limitations. From high to low, the colour index refers to the likelihood of detecting
multiple failure modes [236].

Figure 2:25 Comparison of the use of different NDT methods for SHM of composite materials
[236].

The idea behind this technique is that the conductive network in the composite can be
influenced by the strain and damage in composites which alters the electrical resistance.
Measuring the alterations in electrical resistance of the composite can help to determine
or monitor the strains and damage. Matrix cracking or delamination is failure modes that
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are not easy to recognise through the electrical methods because the surrounding polymer
matrix is normally insulating. Several studies found that the damage mechanisms of
CFRP such as delamination, matrix cracking and fiber breakage can be studied by
measure the electrical resistance changes of the structure of composite under loading, as
depicted precisely in Table 2.3.
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Table 2.3 Electrical resistance methods used to identify the mechanisms of damage to CFRP composite.
Materials

Tests

Main results

Reference

Carbon fiber /Epoxy matrix

Tensile and fatigue loading

Variation of the electrical resistivity can be taken as a damage
indicator.

[237]

Cross-ply carbon fiber/epoxy
resin

Tensile and fatigue loading

Monitoring the damage and change in strain using electrical
resistance in fiber layers and perpendicular direction.

[238]

Carbon fiber/Epoxy resin

Tensile and fatigue loading

Decrease in electrical resistance is an indicator of fiber breakage.
Measurements perpendicular to fiber direction showed
irreversible change.

[239]

Unidirectional carbon fiber/Epoxy
resin

Monotonic and cyclic flexural
loading

Showed potential to use the electrical resistance change to sense
structural damage in longitudinal and transfer direction

[239]

Unidirectional and cross-ply
carbon fiber/Epoxy resin

Fatigue

Change in electrical resistance is a good parameter to investigate
the stuffy degradation of the composite.

[240]

Carbon fiber/Epoxy resin

Bending Fatigue

Change in electrical resistance is a convenient way to monitor
damage

[241]

Unidirectional carbon fiber/Epoxy

Delamination resistance

Electrical resistance through the thickness was used to detect
delamination

[242]

Unidirectional carbon fiber/Epoxy

Tensile

The resistance increases linearly in the direction of fiber and
nonlinear in the transfer fiber direction

[243]

Carbon fiber/Epoxy resin

Three-point bending

The surface and oblique resistance are suitable indicators of
strain change and damage

[244]

Unidirectional and cross-ply
carbon fiber/Epoxy resin

Tensile cyclic loading

Detect the density of matrix cracking using the changes in
electrical resistance measured on the single surface

[245]
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Carbon fiber/Polyphenylene
sulphide (PPS)

Quasi-static and
fatigue loading

Electrical resistance measurement can be used to monitor fatigue
damage

[246]

Carbon fiber/Epoxy resin

Compression (throughthickness)

Shows the stress/strain self-sensing through-thickness using
change in electrical resistance (gauge factor was 2.6-5.1)

[247]

Carbon fiber/Epoxy resin

Tension cyclic loading

Plastic deformation leads to a residual increase in elongation and
decrease in thickness causing a decrease in electrical resistance
change of the CFRP composite during tension loading.

[248]

Carbon fiber/Epoxy resin

Fatigue

Investigated the influence of supplied currents (of the electrical
resistance change method) on the thermos-electrical –
mechanical behaviour

[249]

Carbon fiber/Epoxy resin

Method of Calculation

Electrical resistance changes in the through-thickness used to
indicate the effects of dents on the behaviour of the composite.

[250]
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A drawback with using composite materials applications where its range is limited, is that
carbon fiber is a conductive material, whereas matrices such as epoxy resins are
insulators, therefore the conductive properties are poor, especially through the thickness
of the composite [249]. Moreover, the electrical conductivity in CFRP is not isotropic
because the direction of CF in the composite determines it and therefore the measurement
of resistance change due to damage was limited. Hence, when the electrodes are set to
transmit current in a direction that is transverse (through thickness) to the fiber, the spread
of current in the direction of fiber direction is worthy of note, whereas the spread of
current in the transverse direction will be small [248, 251].
The tension load caused an increase in the longitudinal, surface and transverse resistance
for CFP composites [244, 252-256]. The elongation of fibers and the reduction in the
cross sectional area (Poisson’s effect) caused an increase in longitudinal resistance [255].
[245], and the new aligned carbon fibers, which reduced the CF-CF contacts, caused an
increase in transverse resistance [252, 254]. Wang and Chung demonstrated the selfsensing of CFRP composite under flexure cyclic loading by measuring the change of
electrical resistance (DC resistance) [244]. They reported that for the through thickness
(oblique) resistance, higher deflection (elongation) is needed to start changing the
resistance, unlike deflection on the surface of the sample. This is mainly due to an increase
in through thickness resistance, whereas others indicated that the elongation of fibers and
Poisson’s effect was the dominating factor [252].
An electrically conductive polymer matrix is to detect early matrix failure in carbon fiber
reinforced polymers (CFRP) through the electrical sensing concept. Conductive
nanofillers in the polymer matrix can be the source of achieving a conductive polymer,
with another option being the surface functionalisation of reinforcing fibers with
conductive nanomaterials. The electromechanical behaviour becomes more complex
when CNTs are introduced into CF-polymer composites because the fillers (CFs and
CNTs) at different length scales contribute to electron conduction. According to the
findings of Kostopoulos et al., the matrix related damages could be reflected through the
conductive CNT network in CF-CNT-polymer composites [257]. The formation of
microscale damage can be recognized by the addition of CNTs to FRP composites, where
electrically conductive network can be formed by nanotubes within the matrix of the FRP
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composite and matrix cracks can be identified through the CNT network [1, 258]. Possible
routes toward multifunctional composites were communicated at the start of the 21st
century in the studies carried out on the use of CNTs as molecular sensors [259, 260]. In
2008, Chou et al. published a review study about CNT-based sensors and actuators [261,
262]. A promising direction for SHM systems was provided after introducing CNTs into
insulating polymer matrices, due to which the sensing and detection of several matrixdominated failure modes were made possible [263]. The CF network in CFRP composites
will also react to the damage forms of fiber breakage [253] and delamination [264]. The
possibility of identifying the damage in composites such as matrix cracks, fiber breakages
and delamination is by adding CNTs into polymers, in fact, identify damage in CF based
composites is increased by adding CNTs [257, 265] because the addition of CNT makes
it easier to detect damage. Moreover, monitoring in-service health is also possible by
using CNTs in FRPs, without the need for intensive labour requirements and complicated
equipment. This can be beneficial for in-service damage detection, meaning more inservice time will be available, along with improved efficiency and reduced costs [266].
High cycle fatigue applications are utilising FRP composites even more [267], but there
is no realistic understanding of the use of CNTs in FRPs for health monitoring and
damage sensing of composites structure, apart from the gap in the application of cyclic
loading. Verifying the origins of any change in resistance can only be done with further
research [268]. There are good prospects in studying damage sensing with CNTs as
integrated sensing materials in FRPs and to gain an essential understanding of sensing
mechanisms, along with the possibility of using these technologies in composite parts for
online health monitoring, even though more study is needed [236]. One query that is still
waiting for an answer is where CNTs may possibly be used as a nanomaterial to detect
damage in composite materials is to transfer this technology into useful industrial
applications. A reliable and repeatable sensing response under cyclic loading is needed to
progress this research and minimise the gap for industrial applications. The crosshead
speed which is directly proportional to the strain rate is the loading speed here, but since
change in the loading crosshead speed and maximum deflection is required for this
application, assessing the effect of these parameters on composite materials is imperative
[269]. According to Naito, there has been very little improvement in the average tensile
strength of CF/epoxy composite with an increase in the strain rate (crosshead speed), and
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the average tensile strength and the strain rate have a linear relation [3]. According to
Gilat et al. the resin behaviour drives the composite sensitivity to the strain rate, and a
comprehensive study at different loading conditions and strain rates is required [270]. A
review of the effect of loading speed (or strain rate) on the deformation behaviours of
various kind of materials has been carried out by Dash et al., who found that polymer
matrix composites are more sensitive to the strain rate than the metal matrix composite
and ceramic matrix composite [269]. Ray and Rathore found that the theories and
mechanisms of the structural failure of FRPs under various loading speeds and humid
environments needs more investigation and understanding [271]. Furthermore, there is a
dearth of literature on the tensile behaviour of CNT embedded into polymer matrix with
crosshead speed variations [272]. Previous studies found there are limitations in
investigations into the effect that the strain rate has on the behaviour of thermoset epoxy
resin composite materials under loading [141, 142, 273, 274].
Most previous studies considered the resistance measurement based self-sensing for FRP
composite without CNTs or CNTs/Epoxy nanocomposite [48, 238, 275-278], so the
electromechanical behaviour of CFRP with CNTs has not been thoroughly investigated
yet. Therefore, the main objective of this work is to evaluate the potential of MWCNT
addition for improved electrical resistance measurement-based strain self-sensing in
CFRP composites. This objective will be achieved by focusing on following the effects
that the dispersion quality of different concentrations of MWCNTs has on the viscosity
of the MWCNTs/epoxy nanosuspension, the electrical conductivity of MWCNTs/epoxy
nanocomposite, and the mechanical and electromechanical behaviour under tensile and
fatigue loading. For CFRP composite with and without MWCNTs, tensile and fatigue
tests will be carried out to assess whether adding MWCNTs will improve the mechanical
behaviour of composite. Finally, the strain self-sensing and damage detection of CFRP
reinforced with and without MWCNTs composite under cyclic loading will be studied
using electromechanical measurements at different crosshead speeds and maximum
elongation.
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Materials and Experimental Mehtods
This chapter is divided into sections. The first section describes the materials used in this
study, the second section discusses sample preparation, and the third section identifies the
characterisation of materials.

Materials
Carbon fiber
The Fibermax Composites Company supplied the fiber used in this study. This fabric was
woven on a loom. Figure 3:1 shows an SEM image of carbon fiber. The descriptions and
properties of this fiber can be seen in Tables 3.1 and 3.2, based on the manufacturer’s
guidelines.

50 µm
Figure 3:1 SEM images of carbon fibers.
Table 3.1 Description of carbon fiber.

Configuration

Value/ Type

Areal weight (g/m2)
Weaving style

220
plain

Laminate Thickness (mm)

0.23

Table 3.2 Mechanical properties of carbon fiber.

Properties
Tensile Strength (MPa)
Tensile modules (GPa)
Elongation at break (%)

Value
4410
235
1.9

Epoxy resin
The epoxy resin is a commercially available SR8100 epoxy, with the chemical name
Bisphenol F diglycidyl ether (DGEBA), supplied by Lavender CE Pty (Australia). It is an
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epoxy system for injection and infusion, it has low viscosity at room temperature and high
mechanical properties which are achieved by using the epoxy resin with hardener SD8824
(Methylpentane diamine). Table 3:3 shows the chemical and physical properties of the
resin and the hardener according to the manufacturers.
Table 3.3 Chemical and physical properties of epoxy (SR8100) and hardener (SD8824) [248].

Properties
Appearance

Epoxy (SR8100)

Hardener (SD8824)

Liquid

Liquid

7

12

Boiling point

>200 0C

>100 0C

Flash point

> 150 0C

> 82 0C

Solubility in water

Insoluble

Partially soluble

Alcohol and
aromatic
hydrocarbons
1.14 to 1.18

Alcohol and aromatic
hydrocarbons

500 to 900

6±2

0.1

ND

pH

Solubility in organic
solvents
Specific gravity (Kg/l) at
200C
Viscosity (mPa.s) at 250C
Pressure de vapour (mm
Hg)

0.94 ±0.02

Multi-wall carbon nanotubes (MWCNTs)
The Multiwall carbon nanotubes came from the from Fibermax Composites Company.
Figure 3:2 shows the secondary electrons images, transmission electrons images in brightfield mode together with energy dispersive spectroscopy (EDS) and X-ray diffraction
(XRD) spectra of MWCNTs. Table 3:4 summarizes the characteristics of these MWCNTs
according to the supplier. GBC Scientific X-ray Equipment (USA) was used to obtain the
XRD for MWCNTs powder dissolved in ethanol and deposited on a quartz substrate. The
XRD measurements settings were: operating voltage of 40 kV, operating current of 30
mA, wavelength of 1.54 Å Cu Kα radiation, scan range diffraction angles of 20-80°, and
scan rate of 1°/min. SEM (JEOL JSM 7500FA, Japan) and TEM (JEOL JSM 2010, Japan)
electronic microscopes were used to examine the morphology and internal structure of
MWCNTs. For SEM and TEM imaging, MWCNTs powder was dispersed in ethanol and
dropped onto a microscope grid mesh and dried prior to the measurements. The SEM
operation settings were: 5 kV operating voltage, operating probe current of 8 mA, and the
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working distance (WD) of 8 mm. The TEM operating settings were: 200 keV operating
voltage, 105 µA operating current.
Figures 3:2a and 3:2b show SEM and TEM images of surface morphology and structure
of the MWCNTs. These figures show a uniform morphology but the fibers of MWCNTs
have many tangled tubes with diameter around 10-40 nm where the entanglement of the
fibers indicates their agglomeration. To confirm the crystalline character of MWCNTs
XRD was conducted (Figure 3:2c) which display an intensity peak at around 26 2-theta
angle and other lower intensity peak around 43 degrees. It was found that the peak
positions match the PDF card no. 96-110-004. The intensity of the first peak around 26
degrees and its position proves the presence of the nanotube structure and the chemical
composition of the nanotubes was proven by the SEM EDS analysis (Figure 3:2d).

Figure 3:2 (a) SEM, (b) TEM, (c) XRD image and (d) EDS spectrum of MWCNT.
Table 3.4 Characteristics of multi-wall carbon nanotubes.

Characteristic

Value

Average diameter
Length
Purity by weight
Specific surface area

10-40nm
1-25µm
93%
150-250% (m2/g)
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Sample preparation
Preparing MWCNTs/epoxy nanocomposite samples
This section explains the processes used to fabricate and prepare the samples.
To prepare suspensions of MWCNTs and epoxy resin at concentrations of 0, 0.3, 0.5, and
1 wt% the following procedure was implemented:
➢ Epoxy resin and the requisite amount of MWCNTs were weighed using a
sensitive scale.
➢ MWCNTs are stirred manually in the epoxy resin for five minutes to infuse the
filler into the matrix.
➢ The mixture is then sonicated with an ultrasound tip HD 3200, with two
seconds of ON-OFF pulse cycles.
➢ The mixing time is five minutes followed by a 1minute break, this is increased
by five minutes until a net mixing time is 30 minutes is reached.
➢ The temperature is controlled by placing the mixture vessel into an ice bath.
➢ Once sonication is complete the mixture is left for 60 min.
➢

Hardener is added to the mixture and then stirred manually until a homogenous
mixture is obtained with a mixing ratio of 100g/22g epoxy resin to hardener,
as per the manufacturer’s recommendation.

➢ The suspension is then placed under vacuum for 30 minutes to remove
entrapped gas bubbles.
➢ Release wax is applied to the surfaces of Teflon moulds to make it easier to
remove the samples after curing.
➢ The mixture is then poured into Teflon moulds shaped like a dog’s bone, as per
the American Society for Testing and Materials Standards (ASTM
D3039/D3039M) [279]. Figure 3:3 shows the steps used to manufacture
MWCNTs/epoxy samples. These steps will be explained in more detail.
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Figure 3:3 The steps used to manufacture MWCNTs/epoxy nanocomposite samples.

Fabrication of carbon fiber reinforced epoxy (CFRP) composite
CFRP composites were produced with and without MWCNTs by using the Vacuum
Assisted Resin Transfer Moulding (VARTM) process shown in Figure 3:4. The
manufacturing process begins by cutting six rectangular layers along the longitudinal
direction of the mat. A glass substrate is used as a base for the mould. The surface of the
mould is cleaned and coated with a release wax to make it easier to remove the produced
parts, the rectangular layers of CF are then placed onto the surface of the mould and then
a peel-ply layer and a mesh (flow distribution medium) layer are placed on top of the CF
layers. Each layer of mesh helps to control the speed and the path the resin solution takes
when entering the mould.
A spiral helical tube is used to facilitate the infusion of resin into the mould, these spiral
tubes are connected to the source of the resin (i.e. infusion line) on one side and to a
vacuum pump from the outlet (i.e. vacuum line) on the other side. On the side with the
infusion line, the spiral tube was applied on the mesh layer, while the mesh layer does not
directly contact the spiral tube on the side with the vacuum line. A vacuum bag film is
then laid over the assembly. The vacuum bag film is sealed to the mould with (double
side sealing) tape. The inlet pipe is then closed (clamped) and the air is evacuated by
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applying vacuum pressure to the outlet side of the mould, this allows the assembly to
compress onto the surface of the mould. The mould is then left for 30 minutes to ensure
there are no leaks in vacuum bag or in the bonding area between the vacuum bag and
mould surface. The end of the inlet pipe is connected to the resin reservoir and opened
(the clamped was removed) to allow the resin to infuse into the bagged assembly by
vacuum pressure. Excess resin from inside the mould is allowed to bleed into the catch
pot so that bubbles will eject outside the mould during the flow. The inlet and vacuum
pipes are then closed (clamped) and the materials remain under vacuum for 24 hours for
full curing.

Figure 3:4 Set-up of the mould of CFRP composite manufacturing.

Embedding of Fiber Bragg Grating (FBG) sensor into composites
An FBG sensor is embedded within the composite materials to monitor the strain change
of the composite structure during the test. FBG is laid in the middle of the samples so that
the distance from the centre was 25 mm on both sides. Before the nanocomposite
materials are allowed to cure, the sensitive part of FBG is immersed in the nanosuspension
at the mid-part of the mould. Two small holes are made in the release film on the up-side
of the mould, their diameters are the same as the FBG and the holes are 50 mm apart. The
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free ends of the FBG are entered into the holes and pulled to ensure that only the midpart of the FBG is immersed in the nanosuspension. Other parts of the FBG were bonded
to the upper side of the release film with tape to stop them from touching the
nanosuspension. With CFRP composite, the FBG sensor is placed in the centre of the and
between the layers of material. The free sides of the FBG sensor are covered with tape so
they don’t adhere to the sample. The FBGs and the single mode fiber are connected using
an optical fiber fusion splicer, in this process, the FBG is used with a single mode FC/APC
(i.e. fiber termination) fiber. A heat shrink was inserted onto one end of the fiber and then
the core and cladding of the fiber and the FBGs are stripped using a micro stripper. The
remaining part of the cladding was then cleaved off by a cleaver. After cleaving the ends
of the FBG and the single mode fibers were placed onto a fusion splicer and then fused
and spliced by the splicer. Figures 3.5 and 3.6 show the technique used to embed the FBG
into nanocomposite and CFRP composite respectively.
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Figure 3:5 Schematic diagram of the procedure used to embed FBG into the nanocomposite.

Figure 3:6 Schematic diagram of the procedure used to embed FBG into the CFRP composite.

Characterisation Methods
Characterisation includes Rheological, morphology, mechanical, electrical and
electromechanical. At least five samples were tested, followed by a statistical analysis
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that includes calculating the average and the standard of division for each group of tests.
The results reported in chapter 4, 5 and 6 are the average of the individual measurements.
Rheological measurments
Rheological measurements of resin with and without MWCNTs were carried out using
an Anton Paar Physica MCR 301 rheometer, as shown in Figure 3:7. Parallel plate
geometry tests were used. These plates are 25 mm in diameter and have 0.8 mm gaps
between them at temperatures of 20, 40, 60 and 80 oC. A small amount of the
MWCNTs/epoxy mixture (with specific MWCNTs to epoxy ratio) was used as a medium
between the parallel plates.

Figure 3:7 Rheological measurement (Anton Paar Physica MCR 301 rheometer).

Morphological characterisation
A Scanning Electron Microscope (SEM) type JEOL 7500 FESEM at an accelerating
voltage of 5 kV was used after tensile and fatigue tests to investigate the dispersion of
MWCNTs inside the epoxy and the fracture pattern of MWCNTs/epoxy nanocomposite
samples. A thin layer of gold was sputtered onto the surface of these samples using
SMART Coater (JEOL).
With the CFRP samples, the resultant cylindrical samples were used as stubs for grinding
and polishing using a Struers TegraPol-21 Lab Grinder/Polisher machine as shown in
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Figure 3:8 (a). The images of the microscopic distribution of CF are obtained using a
LEICA DMRM optical microscopy, as shown in Figure 3:8 (b). A TECHCUT 5TM
cutting machine was used to obtain soft end surfaces, parallel and rectangular 20x2x10
mm samples. The samples are grouped together using a plastic clamp and then mounted
in the resin using a cylindrical mould.

Figure 3:8 (a) Lab Grinder/Polisher machine, (b) optical microscopy and (c) Sample.

Mechanical characterisation
A universal testing machine, the INSTRON 8800 (Figure 3:9) was used to study the
mechanical (tensile or bending) properties of the samples. Quasi-static measurements
were taken until failure, at crossheads speeds of 1 and 10 mm/min, whereas the cyclic
mechanical loading-unloading measurements were at crosshead speeds of 1 and 10
mm/min with strains of 0.5 and 1%. All these experiments took place at room
temperature. The dimensions of the samples for the mechanical and electromechanical
tests are shown in Figure 3:10, for the nanocomposite and the CFRP composite samples.
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Figure 3:9 Instron Universal Testing machine (INSTRON 8800).

Figure 3:10 The dimensions of the mechanical and electromechanical tests of (a)
MWCNTs/epoxy nanocomposite and (b) CFRP composite samples.

Electrical characterisation
This section describes the electrical characterisation of the samples without mechanical
loading. Figure 3:11a shows the configuration of the sheet resistance measurements
where two, 6 mm long by 1 mm wide parallel gold electrodes set 1 mm apart were
sputtered onto the sample. The volume resistivity of the sample is measured between two
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circular gold electrodes (∅= 5 mm) deposited by sputtering using a SMART coater
(JEOL), (Figure 3:11b). The gold electrodes were printed onto the sample in the following
steps:
1.

The shape of the electrodes is cut from a paper tape with a hydraulic press
machine and a designed mould.

2.

The cut tape is pasted onto the surface of the sample.

3. The sample is coated for 1 min using the gold sputter coater (JEOL).
4.

After completing the coating process, the tape is removed from the sample to
obtain the shape of the electrode.

5.

The gold electrodes are then connected to copper wires using conductive silver
paint.

A two point probe method was used to perform current-voltage (I-V) measurements using
a picoammeter/voltage source Keithley 487 to apply a voltage ranging between -10 and
+10 V, and then measuring the current across the sample.

Figure 3:11 Schematic of (a) surface resistance and (b) volume resistance measurements of
MWCNTs/epoxy nanocomposite.

A Jandel system with a four-point probe technique was used to measure the electrical
conductivity of the CFRP samples, as shown in Figure 3:12. The contacted and measured
current and signal voltage ranged from -10 to +10 mA and -3 to +3 mV, respectively.
Before being tested, the sample surface was polished to make the surface smoother, to
expose the layers of carbon fiber, and to achieve a stable electrical characterisation from
the equipment (i.e. Jandel system).
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Figure 3:12 Schematic diagram of measuring surface electrical resistance using a four-point
technique (Jandel) system.

Electrical characterisation of the samples under mechanical loading
Electrical characterisation of the MWCNTs/epoxy nanocomposites
A two-point method was used to examine the electrical characterisation of the
nanocomposite samples. Dog bond samples (i.e. tensile samples), 25 mm width, 2 mm
thick, and 165 mm long were tested at 1 mm/min stroke speed and 1 mm head
displacement using an Instron universal testing machine. Two electrodes were attached
50 mm apart to the middle of the sample using 3 mm silver paint strip and then bonded
with copper wires with a digital multimeter a Keithley 2100 to measure the electrical
resistance. To identify the degree of correspondence between the applied strain and the
change in relative resistance, and hence the potential of the nanocomposite for strain
sensing, the electrical resistance was measured during loading-unloading tests. Before
commencing the loading tests, the resistance of the sample was measured for 5 minutes
to maintain constant initial sample resistance (R0). The above approach is shown in Figure
3:13.
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Figure 3:13 Electromechanical measurement of the MWCNTs/epoxy nanocomposite sample
under tension-tension test.

Electrical characterisation of the CFRP composites
The four-point method was used to examine the electrical characterisation of the CFRP
samples. To measure the change in electrical resistance with respect to the change in
loading on the CFRP composite, a 24-bit NI TB-9212 and a DAQ-9171chassis [250]
connected to a PC were used. An HP current supply and Keighley 2100 digital design
were used for the current supply and voltage measurement. A LabVIEW program was
used to monitor the continuous real time current-voltage measurement as well as to save
data (Figure 3:14).
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Figure 3:14 The electrical response (reading and recording) schematic setup of the CFRP
composite under cyclic loading.

Figure 3:15 shows the sample configuration for self-sensing of the CFRP under
longitudinal (tension-tension) cyclic loading. Two different methods were used to
measure electrical resistance, the surface resistance and the thickness (oblique) resistance.

Figure 3:15 Sample configuration for self-sensing of the CFRP composite under longitudinal
tensile cyclic loading at (a) the surface and (b) through-thickness (oblique) resistances.

Figure 3:16 shows the configurations of three different electrodes used to measure the
electrical resistance of CFRP composite under three bending cyclic loading tests: (a)
compression surface, (b) tension surface, and (c) oblique relative resistance.
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Figure 3:16 Electrode configuration for self-sensing of the CFRP composite under three-point
bending cyclic loading by measuring the resistance on (a) the compression surface, (b) the
tension surface and (c) through the thickness (oblique).

Fiber Bragg Grating (FBG)
FBG reflection spectra were observed before and after embedding using interrogator type
Ibsen Photonics (I-MON 256). Figure 3:17 shows the interrogation setup of the FBG. The
interrogator has a 5 pm peak wavelength resolution and 6 kHz acquisition rate, is coupled
to a broadband source with spectral ranging from 1530 to 1580nm. A fiber circulator was
used to direct the reflected signal from the FBG to the interrogator. The FBGs were
acrylate, 10 mm long and with peak reflected wavelengths, sidelobe suppression ratio,
peak reflectivity, and bandwidth of circa 1550.121nm, 19 dB (or higher), 90% (or higher),
and less than 0.2 nm, respectively.

Figure 3:17 The FBG interrogation setup and the used optical fiber fusion splicer.

The program interface and the spectrum response of FBG the start of loading are shown
in Figure 3:18.
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Figure 3:18 The interface of the evaluation software (I-MON 256 USB) including the spectrum
response at the test start.
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The effects of MWCNTs concentration on the
viscosity of the epoxy matrix and the mechanical, electrical
and electromechanical behaviour of MWCNTs/epoxy
nanocomposite
Following the literature review, the key aim of this research study is to find the optimum
amount of MWCNTs that can be added into the epoxy matrix to achieve the best
enhancement of the mechanical, electrical and electromechanical properties of their
nanocomposites. The aims of this chapter are to:
1- Investigate the rheological properties of the MWCNTs/epoxy suspensions at
different concentrations of MWCNTs.
2- Assess the quality of dispersion of MWCNTs in MWCNTs/Epoxy
nanocomposites and characterise their morphology.
3- Evaluate

the

tensile

and

fatigue

properties

of

MWCNTs/Epoxy

nanocomposites at different crosshead speeds.
4- Investigate the electrical properties and find the electrical percolation threshold
of MWCNTs/Epoxy nanocomposites.
5- Demonstrate the strain self-sensing capability of the nanocomposites by
studying their electromechanical performance.
6- Identify the structural behaviour of MWCNTs/Epoxy nanocomposites under
tensile cyclic loading using Embedded Fiber Bragg Grating (FBG).
7- Estimate

the

electromechanical

responses

of

MWCNTs/Epoxy

nanocomposites under tensile cyclic loading by developing an equivalent
mathematical model.

Rheological behaviour of MWCNTs/epoxy suspensions
The manufacturing process and its relationship with the MWCNTs/epoxy nanocomposite
properties are influenced by the rheological properties of its suspensions [280]. The
rheological behaviour of epoxy resin with and without MWCNTs, are tested in this
section. These suspensions have a high viscosity at lower shear rates, and a thinning
behaviour emerges when the shear rate increases. Moreover, the viscosity of this solution
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increases when the conductive filler is dispersed in the epoxy resin (Figure 4:1), as shown
in Figure 4:1b. At a shear rate of 1(1/s), the viscosities were 0.85, 3.7, 19, 53 and 186 Pa.s
for 0, 0.1, 0.3, 0.5 and 1 wt% MWCNTs, respectively. There was an almost insignificant
change in the viscosity of neat epoxy (i.e. about 1Pa.s), at shear rates ranging from
approximately 0.1 to 1000 (1/s).
These results are consistent with Allaoui and Bounia’s findings that there is no change in
the viscosity at CNT concentrations lower than 0.1 wt%, but from 0.1 wt% to 1 wt% the
viscosity increased from around 10 to 100 Pa.s, at a shear rate equals to 1 (1/s) [135].
Seyhan et al found that at a shear rate equal to 1 (1/s) the viscosities were around 8 Pa.s
for 0.1 and 0.3 % MWCNT-NH2, respectively [125]. Over the percolation concentration,
the viscosity increased dramatically because of the restrictive mobility of epoxy chains
[281], indeed the results show that the percolation threshold is close to 0.3 wt%. The value
of the percolation threshold was close to the percolation values in previous studies
(0.25%) [68]. The decrease in viscosity, in response to an increase of the shear rate for
MWCNTs/epoxy suspension (Figure 4:1) is attributed to deformation of the MWCNTs
network. A high shear rate leads to the break-down of the MWCNT-MWCNT
connections (disaggregate) and aligns the direction of the MWCNTs in the direction of
suspension flow, thus reducing the viscosity [282].

Figure 4:1 The viscosity and shear rate of the nanosuspensions at different concentrations of
MWCNTs.

Increasing the temperature leads to a decrease in the viscosity of the suspension under the
same MWCNTs loading. Figure 4:2 shows the relationship between the viscosity and
temperature of the MWCNTs/epoxy suspensions. It is clear that the change in viscosity
at concentrations of 0.3, 0.5 and 1 wt% MWCNTs suspensions is less than the changes in
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neat epoxy as the temperature increased up to 80 oC. This decrease in viscosity can be
linked to an increase in the movement of polymer chains due to the supplied thermal
energy [157]. It can therefore be deduced that the adhesive between the MWCNTs and
epoxy restricted the epoxy’s macromolecular mobility, and hence the almost steady
change in the rate of viscosity. When the MWCNTs were added to the suspension the
solution shows a lesser decrease in viscosity as the temperature increases, which suggests
that the carbon nanotubes disperse homogeneously and help to thermal stabilization of
the nanosuspension (Figure 4:2).

Figure 4:2 The change in viscosity of epoxy resin as a function of the concentration of
MWCNTs at different temperatures at a shear rate equal to 1(1/s).

Figure 4:3 shows the relationship between the shear stress and shear rate for epoxy resin
and its nanosuspensions. Note that the shear stress has increased as a function of shear
rate for all the suspensions, unlike the viscosity-shear rate relationship where the viscosity
decreases when the shear rate is increased (Figure 4:1). Figure 4:3 also shows that the
curves have a linear increase, indicating the validity of the corresponding power law
relationship [283]. Equation 4.1 presents the power law model used to describe the
relationship between the shear stress and shear rate [284].
σ = K × γ𝑚

4.1

where K is the flow consistency index, and m is the flow behaviour index. The values of
(K) and (m) decrease as the concentration of MWCNTs increases, as reported in Table
4.1. The values of m are less than 1, indicating Non-Newtonian (shear thinning) behaviour
of the polymer [285].
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Table 4.1 m and k values of the epoxy resin and its nanosuspension.

Sample

m

k

Neat epoxy 0.86 2.4
0.1 wt%

0.83 3.6

0.3 wt%

0.68 9.5

0. 5 wt%

0.55 23

1 wt%

0.45 85

Figure 4:3 Shear stress vs shear rate of neat epoxy resin and its nanosuspensions at different
concentrations of MWCNTs.

The rheological behaviour of the MWCNTs/Epoxy nanosuspension depends on the
dispersion of MWCNTs in the resin, MWCNT-MWCNT interactions and MWCNTpolymer interactions [125]. Increases in the concentration of MWCNTs in the
nanosuspension with good dispersion can significantly affect the viscosity of the
suspension because the spaces between individual MWCNTs become shorter, and hence
the interconnections among them allow the formation of a network structure from the
MWCNT-MWCNT interactions [157], and their interactions become more dominant than
the interactions of MWCNTs-epoxy in the suspension. Above the upper limit of the
percolation concentration, the viscosity increased dramatically because the mobility of
the chains of the matrix is restricted.
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Morphology of the MWCNTs/epoxy nanocomposites
The SEM images in Figure 4:4 show the fracture surfaces of the nanocomposite materials
with and without MWCNTs. These images show a homogenous dispersion of the
MWCNTs within the epoxy matrix. A smooth fracture surface of the neat epoxy
composite can be seen in Figure 4:4a, which indicates a typical fractography feature of
brittle fracture behaviour [158].
As Figure 4:4 (b to d) shows, the surface roughness increases, and the cleavage plane size
decreases due to an increase in the concentration of the MWCNTs. The roughness of the
fracture surface can be attributed to the deviation of the crack propagation pathway when
meeting the MWCNTs [159]. Note that the fracture of nanocomposites at 0.5 and 1wt%
MWCNTs is different from the fracture mode compared to the epoxy composite without
MWCNTs. During the failure process, the existence of MWCNTs impedes crack
propagation due to extra energy caused by: (1) Pulling the MWCNTs out of the matrix,
(2) generating a new surface area, and (3) potential meandering of the crack path. The
SEM images of MWCNTs/epoxy composites show different sizes of MWCNTs
agglomerations and porosity, especially the sample with 1wt% MWCNTs.
The porosity is most likely due to an increase in the nanosuspension viscosity that entraps
air inside the nanosuspension and remains inside the sample after curing (see Figure
4:4(c)). An increase in the suspension viscosity makes it difficult for the nanofiller to
disperse, which leads to agglomerates in the processed samples which can work as defects
(i.e. stress concentration points) that lead to the initiation of a crack, and hence can result
in a brittle fracture of the sample [160].
The SEM images of the fractured surfaces of the MWCNTs/epoxy composite show
individual MWCNTs that were pulled out of the epoxy matrix. This occurred because the
high strength of MWCNTs has a high absorbing energy which helps to prevent the
composite from failing.
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Figure 4:4 SEM images of fracture surface morphology for MWCNTs/epoxy nanocomposites:
(a) 0 wt%, (b) 0.3 wt%, (c) 0.5 wt% and (d) 1 wt% MWCNTs.

Mechanical

properties

of

the

MWCNTs/epoxy

nanocomposites
Tensile testing of the nanocomposite
Figure 4:5 shows the stress-strain behaviour of neat epoxy and MWCNTs/epoxy
nanocomposites. The stress-strain curves show linear behaviour up to the maximum stress
and then change into a nonlinear response. The sensitivity of these nanocomposite
materials was examined by carrying out tensile tests at crosshead speeds of 1 and 10
mm/min. The ultimate tensile strength (UTS) of the 0.3 and 0.5 wt% MWCNTs/epoxy
nanocomposites were higher than the other nanocomposite. This improvement is due to
the reinforcing mechanism, where a good dispersion of MWCNTs enhances interfacial
interaction between the MWCNTs and the matrix which results in effective load transfer
from the epoxy to the MWCNTs. To discuss the effects of combining MWCNTs with
epoxy matrix on the mechanical properties of these composite materials in more detail,
Figure 4:6 shows the average change in tensile strength, Young’s modulus and break
strain of the nanocomposite.
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Figure 4:5 Stress-strain behaviour of nanocomposite for (a) 1 mm/min and (b) 10 mm/min.

Figure 4:6 shows the tensile properties of MWCNTs/epoxy nanocomposite with different
weighted percentages at crosshead speeds of 1 and 10 mm/min. The average values of the
tensile strength and Young modulus break strain are shown in Figure 4:6, they suggest
that adding MWCNTs to the nanocomposite results in an insignificant improvement in
the mechanical properties. The addition of 0.1 wt% MWCNTs leads to a reduction in
strength and Young’s modulus compared to the neat composite, as shown in Figure 4:6.
The reduction is 0.5% and 0.45% in strength, 8% and 2.5% in the strain and 3.8% and
2% in Young's modulus at crosshead speeds of 1 and 10 mm/min respectively. This
reduction is attributed to the distance between the MWCNTs which limits the effect of
load transfer from the matrix to the MWCNT. The mechanical properties of the
nanocomposite depend mainly on the efficiency of the load transfer from the matrix to
the MWCNT [286]. Concentration of 0.1 wt% MWCNTs is not sufficient to form a strong
filler network inside the nanocomposite to enable an effective load transfer. In addition,
the mixing process (sonication) can create defects (porosities), that are difficult to avoid
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entirely, in the final structure of the nanocomposite, these defects work as stress
concentration areas (cracks), 0.1 wt% MWCNTs concentration is not enough to oppose
the propagation of these cracks [287, 288]. As a result, it is thought that ineffective
MWCNTs network and minute amount of porosity contributed to slight decrease in
Young’s modulus of 0.1 wt% MWCNTs nanocomposite. Although the ultimate strengths
of 0.3 and 0.5 wt% MWCNTs nanocomposites are quite similar, there is still an increase
in the ultimate strength compared to the neat epoxy samples. The samples with 1 wt%
MWCNTs have a negative effect on the tensile strength of the nanocomposite. The strain
at breaking point decreased as the concentration of MWCNTs decreased from 4% at neat
epoxy to 1.5% at 1 wt% MWCNTs respectively. This figure also indicates that the
ultimate strength and Young’s modulus increased when the crosshead speed increased
from 1 to 10 mm/min. The 1 wt% MWCNTs nanocomposite had the lowest strength and
tensile modulus because of defects and the MWCNTs agglomerates in the nanocomposite
structure. These defects are difficult to avoid during manufacture due to an increase in
the viscosity of the nanosuspension, as has already been discussed. Based on these results,
0.3 and 0.5 wt% MWCNTs are the optimal concentration ratio at which the
nanocomposite has the highest strength and highest Young’s modulus.
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Figure 4:6 Tensile properties (a) stress, (b) Young’s modulus and (c) strain of nanocomposites
at different concentrations and crosshead speeds of 1 and 10 mm/min.

Fatigue results
The sample under tensile cyclic loading was stretched to the maximum strain of 1%, and
then the load was removed (i.e. loading-unloading) for at around 2000 cycles at crosshead
speeds of 1 and 10 mm/min. The relationship between the mean stress and number of
cycles shown in Figure 4:7 indicated that the mean stress decreased as the number of
loading cycles increased. The mean stress decreased gradually for the first 700 cycles and
74

then became relatively stable, which means the nanocomposites were exposed to
permanent deformation as a result of increasing the number of cycles during the test. After
approximately 700 cycles, 0.3 and 0.5 wt% MWCNTs nanocomposite showed a slight
improvement in fatigue performance according to the neat epoxy composite. At crosshead
speeds of 10 mm/min the composites showed a lesser reduction in the mean stress than at
a speed of 1 mm/min, due to the test time effect. At a 1 mm/min crosshead speed, the
loading time is long enough to generate and propagate microstructural cracks in the
nanocomposite structure [289, 290], and at the same levels of fatigue life 1 wt%
nanocomposite resulted in the lowest values of mean stress compared to other
concentrations. The damage at 1 wt% MWCNTs nanocomposite was unexpected because
it occurred unexpectedly within a wide range from 600 to 2000 cycles.

Figure 4:7 Mean stress vs number of cycles for nanocomposite samples at crosshead speeds of
(a) 1 mm/min and (b) 10 mm/min.

Figure 4:8 shows the stress-strain curves of 0.0, 0.5 and 1 wt% MWCNTs
nanocomposites under tensile cyclic loading at a maximum strain of approximately 1%
for various selection cycles (i.e. 1st, 100th, 1000th, 1500th, and 2000th). The figures show
linear loading and unloading behaviour, and a decrease in maximum stress (peak)
decrease according to increases in the number of cycles at maximum strain. At the end of
each cycle (i.e. after the unloading section), the stress-strain curves did not return to the
original point because permanent damage has accumulated within the composite
structure. The hysteresis area is the inner area between stress-strain loading and unloading
curves, which represents the dissipation of energy during cyclic loading. The first cycles
have larger hysteresis areas than the other cycles due to the high dissipation of energy as
the stress concentrated in composite because of manufacturing processes such as epoxy
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shrinking [163, 291]. After 1000 cycles, there is a deviation in the stress-strain curve and
an insignificant change in the stress values as the strain increased up to approximately
0.2%. This is attributed to the formation and growing of fatigue net cracks in a zone within
the structure that leads to a fatigue yield platform, as represented during the loading and
unloading curves. In this zone, the shearing deformation increased and the shearing force
decreased [292, 293].

Figure 4:8 Hysteresis loop (from 1 to 2000 cycles) for nanocomposite reinforced with
MWCNTs of: (a) 0.0, (b) 0.5, and (c) 1 wt%.

Plastic strain energy is another method for analysing the fatigue life of the studied
materials. In this case the trapezoidal rule is used to calculate the inner area of the cyclic
stress vs. strain in the mechanical hysteresis loop [136]. According to the Morrow energy
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model, the relationship between plastic strain energy density (Wp) and fatigue life
(number of cycles, N), is given by the following equation [294].
𝑁𝑓𝑚 𝑊𝑝 = 𝐶

(4.2)

where C is the exponent and m is the fatigue coefficient. Figure 4:9a shows that change
in the inner areas is almost stable up to approximately 600 cycles and then becomes
unstable as the number of fatigue cycles increases. These unstable changes are attributed
to the permanent structural deformation that occurred in the samples, as previously
observed in Figure 4:8. Figure 4:9b shows a comparison between the experimental and
predicted the fatigue life of the nanocomposite in accordance with Morrow’s model.
There is a good correlation from the beginning until approximately 600 cycles and then
the data deviates from the straight line. These observations indicate that the samples
experienced permanent deformation due to plastic strain after 600 cycles and cannot
recover their original dimensions.
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Figure 4:9 (a) Hysteresis area (plastic strain energy density) vs number of cycles and (b)
experimental vs predicted number of cycles for nanocomposite according to Morrow’s model.

The secant modulus of elasticity (stress-strain ratio) during fatigue loading can be
calculated from the hysteresis loop at each cycle (Figure 4:10). Damage due to fatigue
occurs because the change in loading leads to accumulative damage (i.e. permanent
deformation) in the structure of the material. This accumulative damage can be presented
as a function of the degradation of stiffness of the material. Equation (4.3) was used to
investigate permanent damage to the material during the loading change by calculating
changes in the modulus of elasticity as the test progressed [295].
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𝐷𝑖 =

𝐸0 − 𝐸𝑖
𝐸0

(4.3)

where 𝐷𝑖 is the percentage of the damage metric, and 𝐸0 and 𝐸𝑖 are the initial (1st cycle)
and 𝑖 th cycle modulus of elasticity, respectively.
Figure 4:10a and b show that adding MWCNTs to epoxy reduced the percentage of
damage to the matrix during the cyclic loading experiments. Furthermore, the efficiency
of MWCNTs in the load transfer can be seen as the speed of the stroke increased, there
was less damage in the samples with 0.3 and 0.5 wt% MWCNTs. Furthermore, the sample
with 1 wt% had a high damage metric due to the clusters of MWCNTs and porosity and
bulk in the sample (Figure 4.4). The viscosity of the nanosuspensions (Figure 4.1) played
an important role in the distribution of conductive filler in the matrix, it also helped to
reduce porosity inside the samples and improve interaction between the polymer and
MWCNTs, this enhanced the load transfer and absorbed energy across the composite and
improved the mechanical performance.
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Figure 4:10 The percentage of damage vs the number of cycles for epoxy materials with and
without MWCNTs at crosshead speeds of (a) 1 mm/min and (b) 10 mm/min.

Influence of MWCNTs on the electrical properties of the
MWCNTs/epoxy nanocomposites
Figure 4:11 shows the current-voltage (I-V) relationship of the nanocomposites at
different concentrations of MWCNTs where in general, and at the same voltage level, the
currents increased as the concentrations of MWCNTs increased. However, there was an
insignificant change in I-V data for the samples at MWCNTs concentrations of 0 wt%
(i.e. neat) and 0.1 wt%, whereas for the samples at MWCNTs concentrations of 0.1 wt%,
the filler was well-dispersed in the matrix and the gap between MWCNTs was high, so it
is hard for electrons to find paths to travel between the electrodes. This means the
electrical conductivity of the nanocomposite depends on tunnelling, where electrons
transfer (jumping) between neighbouring CNT, and the increasing distance between
CNTs led to limited improvement in conductivity [296]. If the concentration of MWCNTs
less than the percolation threshold, the enhancement of the conductivity of
nanocomposites hard to be observed [297], for the 0.1 wt% MWCNTs concentration is
less than the percolation threshold. Furthermore, as the concentration of MWCNTs in the
epoxy matrix increased the slope of the I-V curve of the samples increased, showing
there is a conductive network inside the polymer matrix which facilitates the displacement
of electrons between the electrical contacts when a voltage was applied to the sample
[298, 299].
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There was a decrease in sheet resistance and an increase in electrical conductivity as the
concentration of MWCNTs increased (Figure 4:11c and d). At around 0.3 wt% the
MWCNTs began to form networks which act like paths for electrons mobility and
dramatically increase the electrical conductivity. According to previous studies, the
Power law expression is used to describe the electrical percolation (CDC) of the
MWCNTs/epoxy nanocomposite materials as follows [153].
𝐶𝐷𝐶 = 𝑞(𝑚 − 𝑚𝑐 )𝑡

for 𝑚 > 𝑚𝑐

(4.4)

where 𝑞 is the characteristic conductivity, t is the critical exponent, m is the volume
fraction of MWCNT and mc is the volume fraction of MWCNTs at the electrical
percolation threshold. The electrical percolation threshold lies where the value of mc is
close to 0.3 wt% MWCNTs and the critical exponent is 1.7, where the electrical
conductivity has increased 16 times more than it did for the 0.1 wt% MWCNTs (Figure
4:11d). Figure 4:11d inset shows the fitting line of a log-log plot of conductivity vs the
concentration of MWCNTs. The inset figure gives more understanding of the percolated
electrical behaviour in the nanocomposite.
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Figure 4:11 Effect of MWCNTs concentrations on the Electrical properties of epoxy
nanocomposite including: (a) Voltage vs current at the surface, (b) voltage vs current per
volume, (c) sheet resistance and (d) volume conductivities.
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Electromechanical

behaviour

of

MWCNTs/epoxy

nanocomposites
The samples with 0.3 wt% MWCNTs and less have no piezoresistive effect due to their
low conductivity (Figure 4.11). The electromechanical performance was explored by
applying a cyclic mechanical solicitation (tensile cyclic loading) and then measuring the
electrical response of the material in real-time, over 50 cycles [300, 301].
∆R

The relative electrical resistance change ( 𝑅 ) observed during cyclic loading (i.e.
0

loading-unloading) is revealed in Figure 4:12 and Figure 4:13 which shows that the
resistance of the sample increased during mechanical loading, and decreased during
mechanical unloading in a linear fashion, however, the maximum values did not return to
their initial values during the test, especially in the first cycle.
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Figure 4:12 Relative electrical resistance change vs strain as a function of time, during the
fatigue test of the 0.5 wt% MWCNTs nanocomposites, with a crosshead speed of 1 mm/min.
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Figure 4:13 Relative electrical resistance change vs strain as a function of time, during the
fatigue test of 1 wt% MWCNTs nanocomposites and crosshead speed of 1 mm/min.
∆R

Figure 4:14 shows the change of ( 𝑅 ) versus strain for 0.5 and 1 wt% MWCNTs
0

nanocomposite for a characteristic loading cycle. The 0.5 wt% MWCNTs nanocomposite
∆R

had an outstanding linear relationship between the ( 𝑅 ) and strain, it also revealed
0

superior sensitivity to the change in strain (Figure 4:14a), and almost similar behaviour

83

shown by the 1 wt% MWCNTs nanocomposite (Figure 4:14b). Based on the above, it can
be deduced that the effective piezoresistive response depends mainly on the concentration
of MWCNTs in the nanocomposite.

Figure 4:14 Relative electrical resistance change vs strain for MWCNTs/epoxy nanocomposite
under cyclic loading with crosshead speed of 1 mm/min at MWCNTs of (a) 0.5 wt% and (b) 1
wt%.
∆R

Figure 4:15 shows the normalised change of the ( 𝑅 ) versus the number of cycles for 0.5
0

and 1 wt% MWCNTs nanocomposite under cyclic loading. The normalised change of
∆R

∆R

( 𝑅 ) is calculated by dividing the maximum value of ( 𝑅 ) (i.e. peaks) per cycle by the
0

0

∆R

maximum value of ( 𝑅 ) of the first cycle. Note there is a gradual increase in the maximum
0

∆R

( 𝑅 ) values when the cyclic loading increases. At 0.5 wt% MWCNTs nanocomposite,
0

∆R

the stepwise and linear changes in the maximum ( 𝑅 ) values can be clearly seen. The
0
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∆R

maximum ( 𝑅 ) values of the 1 wt% MWCNTs nanocomposite decreased during the first
0

10 cycles and then gradually shifted upwards as the number of cycles increased. The
∆R

unstable change in the maximum ( 𝑅 ) during the first 10 cycles occurred because of the
0

irreversible deformation of the nanocomposite structure [302]. The irreversible
deformation of the nanocomposite structure is due to the existing stress concentration
zones which formed while the high viscosity nanosuspension was being manufactured,
as clarified previously.

∆R

Figure 4:15 Normalized change in the ( 𝑅 ) vs number of cycle of 0.5 and 1 wt% MWCNTs
0

nanocomposite under cyclic loading crosshead speed of 1 mm/min.

Effects of crosshead speed on the electromechanical response of
nanocomposite material
To investigate the influence that the crosshead speed had on the electromechanical
behaviour of 0.5 and 1 wt% MWCNTs nanocomposite, a cyclic tensile loading was
∆R

applied at a crosshead speed of 10 mm/min. The results show that ( 𝑅 ) increased with
0

the mechanical loading and decreased with mechanical unloading (Figure 4:16 ((a) and
(b)). The nanocomposite showed repeatable stable and non-noisy electromechanical
∆R

response. Figure 4:16 ((c) and (d)) show the relationship between ( 𝑅 ) and the strain
0

during the loading state for one cycle at 0.5 and 1 wt% MWCNTs nanocomposite
respectively. Here there is a good correlation between the fit line and the results.
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Figure 4:16 Relative electrical resistance change vs strain as a function of time, during the
cyclic loading tests for MWCNTs of (a) 0.5 wt%, (b) 1 wt%, and relative resistance at loading
trend of (c) 0.5 wt% and (d) 1 wt%, with a crosshead speed of 10 mm/min.

Figure 4:17 shows a comparative evaluation of the Gauge Factor (GF) values between
the results for 1 mm/min and 10 mm/min crosshead speeds. Note that an increase in the
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crosshead speed results in a slight decrease in the GF, which indicates that the
nanocomposite works at the same efficiency at different crosshead speeds. The Gauge
Factor was calculated for each load cycle using Equation (4.5):
∆𝑅⁄
𝑅
𝐺𝐹 =
𝜀

(4.5)

The Gauge Factor refers to the ability of nanocomposite to sense the change of electrical
resistance under an applied strain.

Figure 4:17 Comparison between the changes in Gauge factor when increasing the
concentrations of MWCNTs in the nanocomposite at 1 and 10 mm/min crosshead speeds.

Figure 4:18 shows the electromechanical hysteresis loop (i.e. the relationship between
∆R

( 𝑅 ) and strain during the loading-unloading cycles) of 50 cycles for 0.5 and 1 wt%
0

MWCNTs nanocomposite at crosshead speeds of 1 and 10 mm/min. Here the
nanocomposite exhibited reversible electrical hysteresis loops which shifted upwards, and
∆R

the ( 𝑅 ) values did not return to the initial level after each subsequent loading-unloading
0

∆R

cycle. The ( 𝑅 ) values at the loading state of the cycles were lower than those at the
0

unloading state, and the gap between the hysteresis loops (i.e. the loop width) as the
concentration of MWCNTs increased. During the tests under a crosshead speed of 10
mm/min, the area of the loop of the 1 wt% MWCNTs nanocomposite was less than the
area of the loop of the 0.5 wt% MWCNTs nanocomposite (the difference can be seen by
comparing Figure 4:18 b and d). When the crosshead speed increased from 1 to 10
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mm/min the sample showed more linearity and less noise, as shown in Figure 4:18 (c)
and (d).
This phenomenon can be attributed to the decreased microscopic deformation of the
nanocomposite and the time period of the test (for each cycle) effect. The separation of
MWCNTs under applied strain can be considered as the main reason behind the increase
in the resistance of nanocomposite under a loading state. This separation between
MWCNTs leads to further difficulty in the transfer of electrons between the neighbouring
CNTs, and thus increases the sample resistance. This separation of fillers is influenced by
the creep of the polymer matrix during the cyclic loading test [303]. The separation of
MWCNTs makes it very difficult to transport electrons among the neighbouring
MWCNTs and also reduces the current flow within the separation zone. Therefore, the
time span in each cycle affects the stability of the electromechanical response, as shown
in the test, where a 1 mm/min crosshead speed exhibited a more fluctuating curve than
the test with a 10 mm/min speed. [304, 305].
For a 0.5 wt% MWCNTs sample at 10 mm/min, the nanocomposite has a parallelogram
hysteresis loop with horizontal sections in electrical resistance, with increasing strain at
the beginning of each loading and unloading part. This horizontal section is attributed to
the competition between changes of connections between MWCNTs and an elongation
of the total connection pathway during loading and unloading. Other researchers report
that tensile or compressing stress can enhance the electrical connection between
conductive fillers [304] which may cancel the change in resistance due to elongation and
recovery at the initial stages of loading and unloading. For a 1 wt% MWCNTs sample at
10 mm/min, the loop becomes less obvious. It is believed that the electrical
connection/tunnelling between MWCNTs is at a critical condition for percolation at 0.5
wt% MWCNTs, and with 1 wt% MWCNTs, the connection/tunnelling between
MWCNTs is less affected by the applied stress.
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Figure 4:18 The electromechanical hysteresis of nanocomposite at 1 mm/min for (a) 0.5 wt% (c)
1 wt% MWCNTs and at 10 mm/min for (b) 0.5 wt% and (d) 1 wt% MWCNTs.

Electromechanical behaviour of the nanocomposite material over a high
number of cycles
To investigate the behaviour of the electromechanical response of nanocomposite over
more than 1000 cycles, a tensile cyclic loading test of 0.5 wt% at a speed of 10 mm/min
∆R

was carried out. Figure 4:19 shows the ( 𝑅 ) and change in strain as a function of time, to
0

estimate the stability and reproducibility of the nanocomposite response. At more than
∆R

1000 cycles, the maximum and minimum ( 𝑅 ) values increased as the number of cycles
0

gradually increased. This phenomenon is attributed to the deterioration of the conductive
network and an increase in the distance between the neighbouring MWCNTs.
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Figure 4:19 Relative electrical resistance change vs strain as a function of time for a 0.5 wt%
MWCNTs nanocomposite.
∆R

The relationship between the ( 𝑅 ) and strain for the 0.5 wt% MWCNT nanocomposite
0

for loading only trends at randomly selected cycles is shown in Figure 4:20. The data in
∆R

Figure 4:20a indicates that ( 𝑅 ) increases as the fatigue strain increases. The relative
0

resistance exhibits linear piezoresistive behaviour at different fatigue cycles. Based on
this alteration of resistance of nanocomposite due to the applied strain, the values of GF
shown in Figure 4:20b, are almost constant (i.e. around 1.7), and there are no significant
variations when the number of cycles increased to the 800th cycle, after which it started
to increase slightly.

Figure 4:20 (a) Relative electrical resistance change vs strain and (b) Gauge Factor vs number
of fatigue cycles, for 0.5 wt% MWCNTs nanocomposite under cyclic loading.

The piezoresistivity response and the corresponding hysteresis loops of nanocomposite
during cyclic loading were also analysed in three different parts of the experiment. There
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∆R

is a good match between the ( 𝑅 ) response during the first 10 cycles, with repeatable
0

electromechanical hysteresis loops in Figure 4:21.

Figure 4:21(a) Relative electrical resistance change vs strain as a function of time and (b)
electromechanical hysteresis loops, for 0.5 wt% MWCNTs nanocomposites during the fatigue
test (first 10 cycles).

Figure 4:22 shows the relative resistance and strain as a function of time and the
electromechanical hysteresis loops during a fatigue test of 0.5 wt% MWCNTs
nanocomposites at the middle section (i.e. from around 4016 to 4026 cycle). Figure 4:22
∆R

shows a repeatable and corresponding relationship between ( 𝑅 ) and the applied strain,
0

and an increase in the width of the electromechanical hysteresis loops (Figure 4:22b), due
to the sample entering a regime where plastic deformation was beginning to affect the
sample performance.
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Figure 4:22(a) Relative electrical resistance change vs strain as a function of time and (b)
hysteresis loops, for 0.5 wt% MWCNTs nanocomposites during the fatigue test (mid- section).

Figure 4:23 shows the electromechanical response and hysteresis loops of the end part of
the experiment (i.e. around 8020 to 8140 seconds). In this section, there is still a clear
∆R

∆R

0

0

correspondence between the ( 𝑅 ) values and the applied strain but the ( 𝑅 ) shows small
peaks (a non-linear response) during the loading trend of the curve in most of the cycles,
∆R

as shown in Figure 4:23c. This change in the ( 𝑅 ) values during the loading trend can be
0

seen in the electromechanical hysteresis loops in Figure 4:23b. The width of the hysteresis
changed randomly at some cycles during the test, these changes indicate that
nanocomposite can sense a mechanical change in its microstructure at high numbers of
cycles.
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Figure 4:23 (a) Relative electrical resistance change vs strain as a function of time and (b)
electromechanical hysteresis loops, for 0.5 wt% MWCNTs nanocomposites during the fatigue
test at the end of the test.

Diverse theories have been suggested to illustrate the piezoresistive mechanism of
polymer/conductive nanofiller (MWCNTs) materials. These theories include tunnelling
(i.e. transition (jumping) the electron through the insulator polymer barriers), destruction93

reformation of the electrical network and the conductive pathways within the material
structure, where the resistance increases under elongating due to an increased gap
between the nanofillers. This separation between nanofiller and nanofiller decreases, as
does the electrical resistance due to an increase in the number of conductive paths during
the unloading trend. The change in resistance of these samples can be attributed to the
influence of damage because damage produced under cyclic loading in the current cycle
will affect the behaviour of the next cycle.
As mentioned in the previous chapter, preventing the formation of agglomeration of
MWCNTs when preparing a sample is challenging due to huge changes in the rheology
characteristics. The agglomerate and other stress concentration zones begin to collapse
after a high number of cycles, and this collapse of the concentration zones reforms the
microstructure of the material, which can change the positions and orientations of
MWCNTs within the structure of the nanocomposite to form new conductive networks.
The orientation of nanoparticles governs the resistance of nanocomposite materials [306].
The nanocomposite exhibited hysteretic behaviour during loading because the conductive
network was destroyed, which then interrupted the electron transfer mechanism between
adjacent MWCNTs within the material structure [307]. The number of electrical
pathways decreased because the gap between the MWCNTs within the nanocomposite
∆R

material [308] increased. The loop area of ( 𝑅 ) versus strain indicates the change in
0

nanocomposite resistance due to changes in the microstructure. A wide loop indicates a
big change in resistance because some conductive pathways in the sample are missing,
whereas a narrow loop points to smaller changes in resistance due to the redistribution of
MWCNTs and an increase in the MWCNT-MWCNT contacts [164].
The piezoresistive response was due to structural change in the nanocomposite during the
loading tests. Figure 4:25 shows the relationship between the mechanical and electrical
hysteresis of 0.5wt% MWCNTs nanocomposite under cyclic loading. The figure shows
that the areas are stable up to around 300 cycles and then the electrical hysteresis area
increases and the mechanical hysteresis area decreases as the number of cycles increases,
this was attributed to the damage and reconfiguration of the conductive CNT network
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within the nanocomposite [136, 309-311]. However, further theoretical and experimental
work is needed to fully understand how this characteristic behaves.
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Figure 4:24 Comparison between electromechanical and electrical hysteresis of 0.5 wt%
MWCNTs nanocomposite

Equivalent electrical model
The MWCNT-MWCNT and the polymer between them in the nanocomposite can be
represented as a parallel plate capacitor, which has the ability to store potential energy for
a period of time in the form of an electrical field. Capacitance (C) represents the energy
storage capacity of the nanocomposite,
𝐶=

𝜀𝐴
𝑑

(4.6)

where ε is the dielectric constant of the material, d is the displacement between the
MWCNTs, and A is the parallel areas.
The current (I) and the voltage (V) are related to total charge (Q) in the capacitor (C) and
the capacitance, where:
𝑄 = 𝐶𝑉

(4.7)

Derivation of Equation 4.7 by time, gives the following equation:
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𝑑
𝑑
𝑄 = 𝐶𝑉
𝑑𝑡
𝑑𝑡

(4.8)

The current flow across the capacitor can be calculated from the rate change of the charge
through the capacitor.
𝐼=𝐶

𝑑
𝑉
𝑑𝑡

(4.9)

Figure 4:25 shows the circuit character and related electrical variables of the capacitor.

Figure 4:25 Circuit of the capacitor.

The piezoresistive performance of nanocomposite is determined by applying a constant
current and measuring the output voltage according to the change in displacement during
strain loading [312].
The equivalent circuit Figure 4:26 is used to examine the piezoresistivity behaviour of
the nanocomposite. The variables R1 and R2di(t) are the fixed resistance of the
nanocomposite and the change in electrical resistance that corresponds to the change in
displacement with time di(t), respectively. The piezoresistive equivalent circuit is a
parallel circuit where the voltage is equal at both branches and the current is different.
The current can be calculated by using Ohm’s law:
𝐼 = 𝐼1 + 𝐼2 + 𝐼𝑐
𝐼1 =

(4.10)

𝑣(𝑡)
𝑅1 + 𝑅2 𝑑𝑖 (𝑡)

(4.11)

By applying Equation (4.9):
𝐼2 = 𝐶

𝑑𝑣(𝑡)
𝑑𝑡

(4.12)
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𝐼𝑐 =

𝑉𝑛 − 𝑉𝑛+1
𝑅1

(4.13)

The term Ic refers to changes in the current due to changes in the initial resistance for each
cycle according to the previous cycle.
By substituting Equations 4.11, 4.12 and 4.13 in Equation (4.10), the total current
through the circuit (I) can be calculated:
𝐼=

𝑣(𝑡)
𝑑𝑣(𝑡)
+𝐶
+ 𝐼𝑐
𝑅1 + 𝑅2 𝑑𝑖 (𝑡)
𝑑𝑡

(4.14)

Equation (4.14) can be rearranged to calculate the voltage v(t) as follows:
𝑑𝑣(𝑡)
𝐼𝑅1 + 𝐼𝑅2 𝑑𝑖 (𝑡) − 𝑣(𝑡)
( 𝑉 𝑛 − 𝑉𝑛+1 )
=(
)+
𝑑𝑡
𝑅1
𝐶(𝑅1 + 𝑅2 𝑑𝑖 (𝑡))

(4.15)

where Vn is the value of initial voltage for each cycle, n is the number of cycles (i.e. 0, 1,
2, 3…. etc) and R1 is the initial resistance which measured to be 17068 Ω.
The parameters R2 and C were identified from the experimental results of the loading
responses for different cycles. To achieve the best agreement between the experimental
and calculated values, the measured values of the voltage during the loading ramp were
substituted in Equation 4.15. Set of equations were then obtained with only two unknown
variables (i.e. R2 and C). MATLAB was implemented to solve the determined equations
simultaneously by using the method of least squares. This method was used to specify the
unknown variables with the best fitting compared to the experimental data.
It is worth mentioning that the values of R2 and C were calculated for three periods where
the range was divided into initial, medium, and long periods and then averaged to obtain
a single value for each parameter. Those parameters are listed in Table 4.1. After
identifying the unknown variables, the values of the simulation voltage were calculated
by solving the equation 4.15 numerically using Euler’s method as the equation is an initial
value problem. Figure 4:27 is an illustration of the loading part of the measured and
simulated response for one loading cycle. A comparison between the experimental and
simulation results is presented in Figure 4:28.
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.
Figure 4:26 An equivalent electrical model of the piezoresistive behaviour of MWCNTs/ epoxy
nanocomposite.

Table 4.2 The parameters of the equivalent electrical model.
Parameter

Value
Initial period Medium period

Long period

Average

Range

0 – 3500 s

3500 – 7000 s

R2

95 Ω/mm

100 Ω/mm

105 Ω/mm

100 Ω/mm

C

55 µF

60 µF

65 µF

60 µF
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7000 – 10800 s 0 -10800 s

Figure 4:27 loading part of the measured and simulated response for one loading cycle.

Figure 4:28 Experimental and simulation results for the electrical behaviour of 0.5 wt%
MWCNTs nanocomposite (a) during the whole loading cycle test and (b) for 10 cycles at the
initial period.
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Electromechanical and FBG wavelength response of
MWCNTs/epoxy nanocomposites
FBG wavelength shifting and the change in electrical resistance were used to establish
the reliability of monitoring the change in nanocomposite structure during tensile loading
for 1000 cyclic. An FBG sensor was embedded into the core of the sample and around 25
mm away from the grip. Figure 4:29 shows the FBG reflection spectra before and after
fabrication, note that although there is no peak distortion, the FBG wavelength peak signal
shifted from 1550 to 1549.8nm after fabrication due to a residual strain that resides inside
the composite after fabrication [165].

Figure 4:29 FBG reflection before and after embedding in the nanocomposite.

After failure, SEM imaging was used to investigate the embedded FBG-nanocomposite
interaction (Figure 4:30), note that the matrix fracture surface near the FBG is rougher
than the other surrounding areas, indicating strong interfacial bonding between the matrix
and the FBG (Figure 4:30a). The FBG core was pulled out with a non-planar fracture
surface and non-shrinking diameter, confirming a brittle fracture mode (Figure 4:30b).
Propagation and interfacial cracking occurred in the FBG coating materials, but not as
much in the matrix and matrix/FBG interface. This shows the strong bonding between the
FBG and the matrix because the FBG was penetrated by the epoxy matrix [313].
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Figure 4:30 Embedded FBG in the 0.5 wt% MWCNTs nanocomposite material.
∆R

The strain, ( 𝑅 ) and variation in wavelength as a function of time under cyclic loading
0

are shown in Figure 4:31. For every variable the values increased with loading and
∆R

decreased with unloading. In Figure 4:31, the results of the strain, ( 𝑅 ) and the
0

wavelength show a reasonable agreement. This compatibility in the results was due to
strong adhesion between the surface of the embedded fiber and the nanocomposite,
revealing that the change in the wavelength of FBG represented a structural change in the
nanocomposite itself.
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∆R

Figure 4:31 Wavelength, ( 𝑅 ) and strain as a function of time during the fatigue test of the 0.5
0

wt% MWCNTs nanocomposite.

For a more complete understanding, Figure 4:32 was divided into three periodic areas
(i.e. Figure 4:32 a, b and c) (at 10 cycles after (a) beginning, (b) after 400 cycles and (c)
650 cycles). This response shows a reasonable agreement of all the variables in the first
and second sections. At the end section of the test as shown in Figure 4:32c, the
electromechanical strain curves showed small peaks (i.e. a non-linear response) during
the loading section. These small peaks in the curves represent a transformation from
elastic microstructural damage to plastic damage within the nanocomposite material, this
confirms the reliability of the self-sensing capability of the nanocomposite [314].
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∆R

Figure 4:32 Wavelength, ( 𝑅 ) and strain as a function of time during the fatigue test of 0.5 wt%
0

MWCNTs at a different number of cycle, ((a) from beginning to10 cycles, (b) from 400 to 410
cycles and (c) from 650 to 660 cycles).

Summary
The mechanical, electrical, and electromechanical effects of adding MWCNTs to the
epoxy matrix have been investigated in this chapter. The results showed that adding
MWCNTs to the matrix improved the mechanical properties of these nanocomposite
materials such that Young modulus increased by 3.2, 2.6, and 5% for 0.3, 0.5, and 1 wt%,
respectively. The maximum tensile stress increased by 3.7 and 5.1% for 0.3 and 0.5 wt%,
while it decreased by 22% at 1 wt% MWCNTs. It was also found that the viscosity and
shear rate of the nanosuspension increased when increasing the concentration of
MWCNTs, and this will affect the interfacial interaction between the MWCNTs and
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epoxy matrix. The fatigue life of 0.3 wt% MWCNTs nanocomposite had the highest
improvement, compared to the neat sample. The fatigue life for 1 wt% had a lower value
than that for 0.3 wt% because the pores and agglomeration of MWCNTs that worked as
stress consternation points. At 0.3% MWCNTs, the percentage of damage decreased by
0.1% and 0.2% during the fatigue tests under speeds of 1 and 10 mm/min, respectively.
The electrical properties of these nanocomposite materials increased when the
concentration of MWCNTs increased. The conductivity of these materials increased
sharply after a percolation threshold around of 0.3 wt% MWCNTs was achieved, and the
conductivity of the nanocomposite increased by about 99% at a concentration of 1 wt%
MWCNTs. This occurred because the material formed active MWCNT networks and
conductive paths in the nanocomposite at these amounts of MWCNTs, and because of the
homogenous dispersion of MWCNTs in the epoxy matrix.
The 0.5 and 1 wt% MWCNTs nanocomposites showed better electromechanical response
and high sensitivity to the internal structural change of this nanocomposite than the other
nanocomposites due to its exposure to cyclic loading. The ability of this nanocomposite
to monitor internal change was used to obtain a better understanding of the mechanism
of damage to the nanocomposite. The results of the strain and change in embedded FBG
wavelength as a function of time were in good agreement, indicating that changes in the
wavelength strain represent changes in the nanocomposite structure itself.

104

Effects of MWCNTs addition on the mechanical
properties of CFRP composite
The improvements in the mechanical and electromechanical properties of epoxy infused
with multiwall carbon nanotubes (MWCNTs/Epoxy) were described in Chapter 4,
whereas in this chapter carbon fiber is used to reinforce MWCNTs/epoxy suspension.
The aim here is to examine the quasi-static mechanical properties and fatigue
performance of a carbon fiber reinforced epoxy matrix with and without MWCNTs
composite materials. In the case of a MWCNTs CFRP (MWCNTs/epoxy/CF) composite,
0.3 and 0.5 wt% of MWCNTs are used because these concentrations gave mixtures that
appropriate to use to manufacture the MWCNTs CFRP composite using the Vacuum
Assisted Resin Transfer Moulding (VARTM) technique.
This chapter is divided into three sections: Section 5.1 describes the effect that adding
MWCNTs has on the quasi-static mechanical properties of CFRP for different crosshead
speeds under static (i.e. tension) loading. Section 5.2 analyses the morphology of the
fracture surface of the CFRP composite, and Section 5.3 investigates the structural
behaviour of the CFRP composite under cyclic loading.

Tensile properties
The influence that the addition of MWCNTs has on the mechanical properties of CFRP
composite was assessed through a tensile test operating at crosshead speeds of 1 and 10
mm/min. Figure 5:1 shows the stress-strain curves of carbon fiber reinforced with neat,
0.3, and 0.5 wt% MWCNTs. This figure shows that an increase in the concentration of
MWCNTs corresponds to an increase in the ultimate tensile strength (UTS). Moreover,
CFRP with 0.3 and 0.5 wt% MWCNTs added showed an improvement in its mechanical
strength, as compared to the carbon fiber reinforced neat epoxy samples. The samples
with 0.3 wt% MWCNTs CFRP experienced an improvement in mechanical strength of
36% and 24% at 1 and 10 mm/min tensile speed rates, respectively, whereas the samples
with 0.5 wt% MWCNTs CFRP experienced a 24% and 12.6% improvement in their
mechanical strength at 1 and 10 mm/min tensile speed rates, respectively.
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Furthermore, incorporating MWCNTs into epoxy resin increased its ultimate tensile
strength (UTS) without significantly affecting the strain at breaking point (εbreak). This
improvement in the tensile property is due to an improvement in the tensile properties of
the nanocomposite (MWCNTs/Epoxy), as reported in Chapter 4, as well as further
enhancement of the interfacial bonding between the individual CF and nanocomposite
[243].
The UTS of the 0.3 wt% MWCNTs CFRP composite was higher than the UTS for the 0.5
wt% MWCNTs CFRP composite due to an increase in the viscosity and a decrease in the
flow rate of the nanosuspension when the concentration of MWCNTs increased. This
change in the rheological properties (i.e. viscosity and flow rate) of the nanosuspension
inhibits its ability to penetrate inside the fiber laminates, and moreover, the high viscosity
of the nanosuspension leads to the creation of stress concentration points within the
composite structure because the MWCNTs aggregates and pores can function as defects
(i.e. microstructure cracks) which reduce the material strength, as shown in Chapter 4.
When the crosshead speed was changed the UTS at 10 mm/min was higher than the UTS
at 1 mm/min, for every concentration of MWCNTs (see Figure 5:1 a and b). This
behaviour is due to the effect that time has on the propagation of microstructural cracks
within the composite. This means the loading time at 10 mm/min was not enough to grow
the microstructural cracks to permanent deformation, which led to microstructural failure.
However, the loading time at 1 mm/min crosshead speed was long enough for the
microstructural cracks to propagate [238].

Figure 5:1 Tensile test response of 6 layers of carbon fiber reinforced with neat, 0.3 and 0.5
wt% MWCNTs, at speed tests of (a) 1 mm/min and (b) 10 mm/min.

106

Young’s modulus (𝐸) was calculated for a 1% strain according to Equation 5.1:
𝜎
𝐸=
𝜀

(5.1)

where 𝜎 is the mechanical stress, and 𝜀 is the strain applied to the sample.
In Figure 5:1 and Figure 5:3, Young’s modulus at crosshead speeds of 1 and 10 mm/min
increased by 9.6 and 2.6% for 0.3 wt% MWCNTs CFRP, and by 10.5 and 8.1% for 0.5
wt% MWCNTs CFRP, respectively. The incorporation of MWCNTs into the epoxy resin
increased the interfacial adhesion between the fiber and the matrix. Good interfacial
adhesion promotes excessive stress distribution between the fiber and matrix phases,
enhances the overall mechanical properties, and reduces the resistance of the
nanolaminate sheets.

Figure 5:2 Effect that the concentration of MWCNTs has on the (a) tensile strength, and (b)
Young’s modulus of the CFRP, at 1 mm/min crosshead speed.

Figure 5:3 Effect that the concentration of MWCNTs has on the (a) tensile strength, and (b)
Young’s modulus of e CFRP at 10 mm/min crosshead speed.
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Morphology of CFRP composite
The interface between the carbon fiber and host material and the failure mechanism of
CFRP composite were investigated using optical microscopy and scanning electron
microscopy (SEM) to study the microstructure of the CFRP composite. Figure 5:4a shows
the cross-sectional area of the CFRP composite. The continuous bright lines indicate 0o
fibers, while the circalunar dots represent the 90o fibers of the composite material. These
images also show the affluent areas of the epoxy matrix between the fiber tows and the
homogeneous distribution of fiber tows in the matrix, as shown in Figure 5:4b.
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Figure 5:4 Optical microscopy images of carbon fiber reinforced epoxy at a magnification of (a)
200X and (b) 500X.

The SEM images of the fracture surface of CFRP composites after tensile failure at
different magnifications for CFRP with neat, 0.3 and 0.5 wt% MWCNTs, are illustrated
in Figure 5:5, Figure 5:6 and Figure 5:7, respectively. The neat epoxy CFRP has some
single fibers covered by very small amounts of matrix, whereas the fiber tows of
MWCNTs CFRP have agglomerated together to form a package with a rich amount of
matrix covering their surface. The broken fibers of neat epoxy CFRP composite are longer
than the fibers of MWCNTs CFRP composite, this shows that more fibers had pulled out
from the matrix due to weak bonding between the matrix and CF. All these features point
out that the interface adhesion between the matrix and the fiber of neat matrix CFRP are
weaker than the MWCNTs CFRP composites. The result is that MWCNTs improved the
strength of nanocomposite and enhanced its resistance to the propagation of micro-cracks
within the composite, this is achieved by bridging the cracks and improving the bond
between the CF and matrix. Therefore, the mechanical properties of the composites
exhibit improvement [246].
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Figure 5:5 SEM images of the surface fracture of CFRP without MWCNTs, after the tensile
test.

Figure 5:6 SEM images of the surface fracture of CFRP with 0.3 wt% MWCNTs, after the
tensile test.

Figure 5:7 SEM images of the surface fracture of CFRP with 0.5 wt% MWCNTs, after the
tensile test.

Figure 5:8 shows that the dispersion of MWCNTs into the space between the fibers
ranged from 0 to 5µm, while the average diameter of the nanotube is 10-40nm. Enhancing
the interface area can improve the distribution of stress and thus improve the resistance
of the matrix cracking and the breakage of fibers composites [315]. It is worth noting that
the existence of MWCNTs leads to an increase in the fiber-fiber contact points in the
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composites structure, which has a positive effect on the electrical properties of the
composite materials [316, 317], this will be examined in more detail in Chapter 6.

Figure 5:8 The interspace between fibers with epoxy matrix interlaminates of fiber reinforced
Epoxy/MWCNTs.

Cyclic loading
The behaviour of CFRP composite under fatigue was studied by analysing the results of
tensile cyclic loading. These tests took place at room temperature using at least five
samples per composite and by following the same procedures for nanocomposite material
fatigue tests described previously described in Chapter 4. The magnitudes of the applied
stress versus cyclic stress (S-N) curves were used to characterise the fatigue behaviour of
neat, 0.3, and 0.5 wt% MWCNTs CFRP composite. Section 5.1.1 shows the best tensile
properties for composite were obtained at crosshead speeds of 10 mm/min.
Figure 5:9 shows the relationship between the mean stresses and the number of cycles (up
to 2000 cycles) of neat, 0.3 and 0.5 wt% MWCNTs CFRP composite, to investigate the
effect that MWCNTs loading on the fatigue life of reinforced materials. Fatigue resistance
generally decreased as the number of cycles increased. This Figure also shows that
samples with MWCNTs had better fatigue resistance than the samples without MWCNTs.
The average increase in the mean stress of fatigue relative to neat epoxy was
approximately 35%, and approximately 27% for 0.3 and 0.5 wt% MWCNTs CFRP,
respectively.
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Figure 5:9 The effects that MWCNTs had on the fatigue response of CERP composite under
tensile (tension-tension) cyclic loading.

Damage in the composite can be represented as a change in the hysteresis area of the
stress-strain curve for each cycle during cyclic loading. The hysteresis area represents the
absolute difference between the area under loading and unloading curves.
Figure 5:10 shows the variations of the hysteresis area of eight selected cycles for neat
epoxy, 0.3 wt% and 0.5 wt% MWCNTs CFRP composite, under tensile cyclic loading.
In general, the hysteresis area decreases as the number of cycles increases, and the first
cycles had larger areas of hysteresis than the other cycles due to the high dissipation of
energy in the concentration of stress in the composite. This is a result of the epoxy
shrinking and the re-orientation of fiber as the composite was being manufactured. The
cycles recovered their shape after the load (unloading part) was removed, but at the end
of the test, the accumulated deformation can be indicated [166]. The peak stress of each
cycle decreased slightly during the tests, for neat epoxy CFRP it decreased from about
340 to 254 MPa (25%), while the peak stress decreased from 328 to 264 MPa (19%) and
from 362 to 280 MPa (22%) for 0.3 and 0.5 wt% MWCNTs CFRP composite respectively
(Figure 5:10 a, b and c). In the same path the 0.3 and 0.5 wt% MWCNTs CFRP composite
exhibited less residual deformation or dissipated energy than 0 wt% (i.e. neat epoxy)
composites during the cyclical test, therefore their hysteresis loop is narrower than the
loop associated with neat epoxy CFRP composite.
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Figure 5:10 Hysteresis loop vs the number of cycles for (a) neat epoxy CFRP, (b) 0.3 wt%
MWCNTs CFRP, and (c) 0.5 wt% MWCNTs CFRP composite.

A Morrow energy model was used to predict the fatigue life of CFRP composite following
the same modelling procedure explained in Chapter 4. Figure 5:11a shows the relationship
between the density of plastic strain energy (Wp) and fatigue life. The change of the
hysteresis area is almost stable during the fatigue life, and there is good correlation
between the experimental and predicted fatigue life.
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Figure 5:11(a) Hysteresis area (plastic strain energy density) vs. number of cycles and (b)
experimental vs predicted number of cycles, for CFRP composite according to Morrow’s model.

Equation 4.2 in Chapter 4 was used to find the damage matrix of the material during the
change in loading by calculating the change in the modulus of elasticity during the test
progress for each cycle. Figure 5:12a shows the decrease in damage of the composite
under cyclic loading at a crosshead speed of 10 mm/min, average damage changes as a
function of the concentration of MWCNTs in the composite material. Figure 5:12b shows
the average values of the damaged metric vary according to the concentration of
MWCNTs in the composite. Relative to the neat epoxy CFRP, the average value of
damaged metric of 0.3 and 0.5 wt% MWCNTs CFRP composite decreased by almost
49% and 27%, respectively.

Figure 5:12 Percentage of damage vs (a) number of cycles and (b) concentration of MWCNTs.

The failure mechanism of the CFRP composite structure under tensile cyclic loading
includes matrix cracking, interface de-bonding of the fiber and matrix, slipping (i.e.
pulling out) and breaking fibers [239], as shown in Figure 5:13. The addition of
MWCNTs to the CFRP composite improved the mechanical performance of these
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composite materials. The composite resisted the stress concentration spots and the
initiation and propagation of cracks better when MWCNTs are used because it works like
stitches that inhibit the growth of microstructural cracks to the critical size which causes
faster crack growth and composite failure [240]. Furthermore, improving the CF-matrix
interfacial interaction (bonding) plays a significant role in transferring the load from the
matrix to the CF during loading.

Figure 5:13 Schematic of the failure mechanism of the CFRP composite structure under tension
loading: (a) Matrix cracking, (b) fiber-matrix debonding, (c) fiber breakage and (d) fiber pullout.

Under cyclic loading, plastic deformation results in hysteresis loops which indicate the
dissipation of energy dissipation. These results suggest that the addition of 0.3 wt% and
0.5 wt% MWCNTs improved the damage resistance of the CFRP composite. A further
increase in the concentration MWCNTs of more than 0.5 wt% can weaken the mechanical
properties of the composite. High concentrations of MWCNTs can introduce high
viscosity to the epoxy matrix, poor dispersion, agglomeration of MWCNTs and weak
interfacial bonding points within the composite structure, all of which will reduce its
mechanical performance. To characterise fatigue, the stress-strain hysteresis area is
considered to be an appropriate method to estimate the structural damage of e CFRP
composites.

Summary
The effect that MWCNTs have on the static tensile and fatigue properties of CFRP
composite materials have been examined in this chapter. Compared to the neat CFRP
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composite, improvements in the strength of 0.3 wt% MWCNTs CFRP were 36 and 24%,
and for 0.5 wt% MWCNTs CFRP 24 and 12.6%, at speed rates of 1 and 10 mm/min,
respectively. Young’s modulus also increased by 9.6% and 2.6% for 0.3 wt% CFRP, and
by 10.5 and 8.1% for 0.5 wt% CFRP, at speeds of 1 and 10 mm/min respectively. The
tension fatigue performance was investigated, and the average of mean stress increase in
fatigue, relative to the increase for neat epoxy CFRP composite, was approximately 35%
and 27%, for 0.3 and 0.5 wt% MWCNTs CFRP, respectively. The hysteresis area of the
stress-strain curves was used to evaluate the average damage of 0.3 wt% and 0.5 wt%
MWCNTs CFRP, it decreased relative to the average value for neat epoxy CFRP by about
49% and 27%, respectively.
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Effects of MWCNTs addition on the electrical and
electromechanical properties of CFRP composite
The existence of MWCNTs in the epoxy matrix improved the electrical conductivity and
electromechanical properties of the MWCNTs/Epoxy nanocomposite, as demonstrated in
Chapter 4. Furthermore, adding 0.3 and 0.5 wt% MWCNTs into the epoxy matrix
improved the quasi-static mechanical and fatigue properties of the CFRP composite, as
illustrated in Chapter 5. A real-time expectation of damage can enhance the structural
safety and reduce operating costs of the CFRP composites. Measuring the change in
electrical resistance of CFRP composites under mechanical loading is a promising
technique for monitoring the strain and damage in the CFRP composite. The earliest
studies only focused on the electrical resistance change of the carbon fibers, not the
polymer, to monitor the strain change and damage of the composite structure during the
mechanical loading, because the polymer is unconducive material [318, 319]. Adding
CNTs into the matrix of CFRP enhances the sensitivity because CNTs form a conductive
network between fibers [245], albeit the main challenge when preparing MWCNT CFRP
composites is choosing an optimum concentration of filler bundles that are intimately
correlated with their mechanical, electrical, and electromechanical performance [40, 63,
320, 321].
Loading conditions such as loading type, crosshead speed, maximum deflection
(elongation) and the number of cycles should be examined in order to understand the
mechanism and process of structural damage of FRP composite [267], however the effects
that these loading conditions have on the structural damage of CFRP modified MWCNTs
composite, using the change in electrical resistance as a self-sensing method has not been
addressed.
In this chapter, section 6.1 focuses on how the electrical properties are affected by adding
MWCNTs to the CFRP composite. Section 6.2 studies the self-sensing for strain and
damage of CFRP composite under cyclic loading using electrical measurements. Section
6.3 is a summary of this chapter and presents some conclusions. The following figure
shows the approach in this chapter.
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Figure 6:1 Flow chart showing the experimental procedure adopted in this chapter.

Electrical properties of CFRP composite
Figure 6:2 shows current-voltage (I-V) curves of CFRP composites at different
concentrations of MWCNTs. The I-V data was used to calculate change in the electrical
resistance of the composite as a function of the concentration of MWCNTs. Figure 6:2a,
shows that the voltage decreased when the concentration of MWCNTs in the composite
increased due to an increase in the number of conductive paths that are created when
adding MWCNTs to the epoxy matrix. The sheet resistivity (ρ) was calculated using
Equation (6.1):
𝜌=

2𝜋𝑆𝑉
𝐼

(6.1)

where S is the probe spacing in mm and remains constant, I is the current supplied, and
V is the corresponding voltage. Figure 6:2b presents an evolution of the sheet resistivity
of the CFRP samples without and with different concentrations of MWCNTs, for six CF
layers. In this figure, there was a rapid decrease in sheet resistivity when the concentration
of MWCNTs increased.
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Figure 6:2 The electrical behaviour of CFRP samples: (a) Volt-current data and (b) evolution of
sheet resistivity recorded at room temperature.

Effect of adding MWCNTs on the electromechanical
characteristics of CFRP composite under cyclic loading
This section investigates the potential of adding MWCNTs to enhance the
electromechanical performance, which can indicate the strain self-sensing of CFRP
∆R

composite materials. The relative change of electrical resistance ( 𝑅 ) at the surface and
0

through-thickness (oblique) of neat, 0.3, and 0.5 wt% MWCNTs CFRP was examined
during cyclic loading of tensile and three-point bending tests. In each test at least five
samples were tested at room temperature.
Strain Self-sensing of CFRP composite under longitudinal tensile (tensiontension) cyclic loading
The electromechanical response of neat epoxy, 0.3, and 0.5 wt% MWCNTs CFRP
composites was evaluated during a longitudinal tensile cyclic loading tests. The crosshead
speeds for these tests were 10, 20 and 40 mm/min at displacements of 0.5 and 1mm.
Self-sensing of the CFRP composites under longitudinal tensile (tensiontension) loading cycle tests by measuring the surface resistance
Neat CFRP composite show unsystematic and high noise variation in the surface
resistance change. Figure 6:3 shows longitudinal surface relative electrical resistance
∆R

change ( 𝑅 ) versus strain as a function of time for 0.3 wt% MWCNTs CFRP composites
0
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under tensile (tension-tension) cyclic loading. The crosshead speed in these tests was 10
mm/min and the maximum deflections were 0.5 mm and 1 mm (Figure 6:3b). In each
test, 20 cycles (loading-unloading) were applied. The strain increased to a peak value and
∆R

then returned to its original position at the end of each cycle. The ( 𝑅 ) trend changed
0

according to changes in the strain.

∆𝑅
𝑅𝑜

Figure 6:3 Longitudinal surface ( ) change and strain as a function of time for 0.3 wt%
MWCNTs CFRP composite, under longitudinal tensile cyclic loading with crosshead speeds of
10 mm/min and maximum deflection of (a) 0.5 mm and (b) 1 mm.
∆𝑅

Figure 6:4 demonstrates ( 𝑅 )-strain relationship during the loading part of the 0.3 wt%
𝑜

∆𝑅

MWCNTs CFRP composite. The values of ( 𝑅 ) vs strain are low scattered, and the values
𝑜

of the R-square are increased to 0.88 and 0.91 for maximum deflections of 0.5 and 1 mm,
respectively.
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∆𝑅
𝑅𝑜

Figure 6:4 Variations of the longitudinal surface ( ) change vs strain for 0.3 wt% MWCNTs
CFRP composite, under longitudinal cyclic tensile loading with crosshead speeds of 10 mm/min
and maximum deflection of (a) 0.5 mm and (b) 1 mm.

Figure 6:5 shows the change in longitudinal surface resistance under cyclic tensile loading
for 0.5 wt% MWCNTs CFRP composite at maximum deformations of 0.5 and 1 mm. The
linearity and reproducibility of the electrical response of CFRP composite improved as
the concentration of MWCNTs increased.

∆𝑅

Figure 6:5 Longitudinal surface (𝑅 ) change and strain as a function of time for 0.5 wt%
𝑜

MWCNTs CFRP composite, under longitudinal cyclic tensile loading with crosshead speeds of
10 mm/min and maximum deflections of (a) 0.5 mm and (b) 1 mm.
∆𝑅

The longitudinal surface ( 𝑅 ) increased when the strain increased. The values of the R𝑜

square are almost the same as the electromechanical measurements of 0.3 wt% MWCNTs
(Figure 6:6), and the GF values for 0.5 wt% CFRP composite at maximum deflections of
0.5 and 1 mm were 0.7 and 0.6, respectively.
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∆𝑅

Figure 6:6 Variations of the longitudinal surface ( 𝑅 ) vs strain for 0.5 wt% MWCNTs CFRP,
𝑜

under longitudinal cyclic tensile loading crosshead speeds of 10 mm/min and maximum
deflections of (a) 0.5 mm and (b) 1 mm.

When taking the electrical measurements, the current flow between the electrodes located
inversely on the surface of the composite depends on the resistance of the composite
structure. Carbon fiber in direction 0o can be considered as parallel resistors for current
travelling between the electrodes. The effects of Poisson’s ratio have been reported as the
main factors influencing changes to the longitudinal resistance under tensile loading [8,
322]. Moreover, it was found that CF-CF contacts have a significant effect on changes to
the longitudinal resistance under tensile loading [48]. Adding more MWCNTs than the
percolation threshold to the polymer results in the construction of a conductive
dimensional network between the carbon fibers and also improve the current flow
between them. The results of this section show that the MWCNTs CFRP
(MWCNTs/epoxy/CF) composites have less scattered data and a linear response due to
an increase in the CF-CF contact, this result improves the electrical response of the
composite surface under longitudinal (tension-tension) loading.
Effects of the Crosshead speed on the electromechanical response of CFRP
composite under longitudinal tensile (tension-tension) cyclic loading
Figure 6:7 shows a comparison between the 0.5 wt% MWCNTs CFRP composite under
different crosshead speeds in cyclic loading tests. The 0.5 wt% MWCNTs CFRP
composite was selected because it previously showed low electrical resistance and clear
electromechanical responses. The tests were carried out by measuring the change in
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electrical resistance under maximum deflections of 0.5 and 1 mm at speeds of 10, 20 and
40 mm/min.

∆𝑅

Figure 6:7 Longitudinal surface (𝑅 ) change as a function of time for 5 wt% MWCNTs CFRP
𝑜

composite, at different cross-head speeds (10, 20 and 40 mm/min) at displacement of (a) 0.5
mm and (b) 1 mm.

The results confirm that 0.5 wt% MWCNTs CFRP composite has high ability to sense
the strain change by measuring the change in electrical of this material under cyclic
loading. The electrical response is affected by an increase in the crosshead speed because
increasing the crosshead speed reduces the time needed for electrons to be transmitted
through the pathways from point to point in the composite [238].
Figures 6.8 and figure 6.9 show longitudinal surface relative electrical resistance change
∆𝑅

(𝑅 ) and strain as a function of time for 0.5 wt% MWCNTs CFRP, under tensile cyclic
𝑜
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loading at crosshead speeds of 20 and 40 mm/min and maximum deflections of (a) 0.5
mm and (b) 1 mm.

∆𝑅

Figure 6:8 Longitudinal surface ( 𝑅 ) change and strain as a function of time for 0.5 wt%
𝑜

MWCNTs CFRP, under cyclic tensile loading at crosshead speeds of 20 mm/min and maximum
deflections of (a) 0.5 mm and (b) 1 mm.

∆𝑅

Figure 6:9 Longitudinal surface (𝑅 ) change and strain as a function of time for 0.5 wt%
𝑜

MWCNTs CFRP, under cyclic tensile loading crosshead speeds of 40 mm/min and maximum
deflections of (a) 0.5 mm and (b) 1 mm.

The GF values can be calculated using the same equation was used in Chapter 4. The
∆𝑅

slope values of the ( 𝑅 ) versus strain represent the GF values. Figure 6:10 (a and b) shows
𝑜

how the concentration of MWCNTs, the crosshead speed, and maximum elongation
effect on the change in the GF values. Here the GF increases when the concentration of
MWCNTs increases, at the same elongation value. It also decreases when the crosshead
speed is increased and at maximum elongation. There was an insignificant change in the
GF when the crosshead speed increased from 20 to 40 mm/min (Figure 6:10b).
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Figure 6:10 Comparison of the variations in gauge factor under tensile cyclic loading at
elongations of 0.5 and 1 mm for (a) 0.3 and 0.5 wt% MWCNTs CFRP composite, and (b) 0.5
wt% MWCNTs CFRP composite at crosshead speeds of 10, 20 and 40 mm/min by measuring
the surface relative electrical resistance change of the composite.

Strain Self-sensing of the CFRP composite under longitudinal tensile cyclic
∆𝑹

loading tests by measuring (𝑹 ) through the thickness (oblique)
𝒐

The configuration of electrical resistance (see Figure 3:15) was used to measure changes
of the through-thickness electrical resistance under tensile cyclic loading. The
longitudinal relative electrical resistance change through the thickness and strain as a
function of time for CFRP composite are shown in Figure 6:10.
The maximum elongations of tensile cyclic loading were 0.5 and 1 mm and the crosshead
speed was 10 mm/min. The resulting relative electrical resistance change throughthickness increased when the load increased and decreased with unloading. The linearity
and reproducibility of CFRP composite improved by increasing the concentration of
MWCNTs.
The distance (perpendicular to the direction of the load) between the neighbouring carbon
fibers increases as the load increases because of the orientation and dimensions of the
carbon fiber changes during loading. This increase in the perpendicular isolated area
between neighbouring carbon fibers makes it more difficult for the electrons to travel
through the thickness due to lost conductive pathways, which is why adding MWCNTs
to the isolated area improves its conductivity and offers more conductive pathways.
Increasing the conductive pathways help the electrons to travel through the thickness, and
enhances the sensitivity and linearity of the electrical response.
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∆𝑅

The oriented increase and decrease of ( 𝑅 ) versus strain at a maximum deflection of 1 mm
𝑜

indicate that the pathways through which the electrons travel through the thickness have
improved. This is achieved by improving the CF-CF contacts and electron’s tunnelling
∆𝑅

effect. The maximum change in ( 𝑅 ) indicates an improvement in the sensitivity of the
𝑜

CFRP composite when increasing the concentration of MWCNTs within the structure of
CFRP to 0.5 wt% [247, 323].
With regards to the 1 mm elongation, the electrical response exhibited less linearity at the
maximum values of the curves than for the 0.5 mm deflection (elongation), whereas the
relative electrical resistance curve showed an unstable trend at a maximum elongation of
1 mm for the neat CFRP. The behaviour of the curve is due to losing direct contact
between the neighbouring carbon fibers (CF-CF), which offers a less conductive pathway
for the electrons to penetrate the thickness of the sample and flow between the electrodes
[252]. In summary, increasing the deflection up to 1mm resulted in a non-linear response
due to a reduction in the contact area of adjacent carbon fibers.
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∆𝑅

Figure 6:11 Longitudinal through-thickness (𝑅 ) change and strain as a function of time for 0.0,
𝑜

0.3 and 0.5 wt% MWCNTs, under tension-tension, at cyclic loading crosshead speed of 10
mm/min maximum and deflections of (a) 0.5 mm and (b) 1 mm.

Figure 6:12 shows the GF values of the 0.3 wt% and 0.5 wt% MWCNTs CFRP
composites under longitudinal tensile cyclic loading at a crosshead speed of 10 mm/min
and maximum deflections of 0.5 and 1mm.
The GF values of through-thickness increased as the concentration of MWCNTs
increased. The maximum deflection had a clear effect on the GF values of the throughthickness direction, where the GF values decreased with an increased maximum
deflection due to the continuous and regular increase of strain with a regressed and
irregular change in the relative resistance.

Figure 6:12 Gauge factor of the CFRP composites, under longitudinal tensile cyclic loading for
a crosshead speed of 10 mm/min and maximum deflections of 0.5 and 1mm, measuring
through-thickness (oblique) resistance.
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The CFRP composite was more conductive in a longitudinal direction than the throughthickness direction because of the insulated epoxy matrix between the CF layers of the
composite. As stated in Chapter 4, the addition of MWCNTs improved the electrical
conductivity of the nanocomposite. Conductive nanocomposite between the CF layers
increased the conductivity of the CFRP composite through the thickness by building an
electrical network between the layers [245].
Self-sensing of the CFRP composite under bending cyclic loading
In this section, the self-sensing of CFRP composite under three points bending cyclic
loading was identified by measuring the electrical resistance of the samples on the
compression surface side and the tension surface side, and through the thickness
(oblique). The effects of the concentration of MWCNTs, the crosshead speeds, maximum
deflection, and the number of loading cycles were also examined during the tests.
The effect of MWCNTs concentration
∆𝑅

Figure 6:13, Figure 6:14 and Figure 6:15 examine the ( 𝑅 ) and strain change with time
𝑜

∆𝑅

for neat epoxy, 0.3 wt%, and 0.5 wt% MWCNTs CFRP composite, respectively. The ( 𝑅 )
𝑜

was measured on the tension side, compression side, and the through-thickness of the
∆𝑅

CFRP composite. On the compression side the ( 𝑅 ) decreased as the load in each cycle
𝑜

∆𝑅

increased, whereas for the tension and through-thickness, the ( 𝑅 ) increased as the load
𝑜

∆𝑅

in each cycle increased. The change of ( 𝑅 ) in the thickness direction was clear and not
𝑜

as noisy compared to the measurement on the tension and compression sides of the
∆𝑅

sample. The maximum and minimum values of ( 𝑅 ) gradually decreased as the number
𝑜

of test cycles increases. This can be attributed to the change in the fiber orientation and
fiber damage growth which increased the contact the carbon fiber made in the adjusted
laminates and decreased the electrical resistance of the composite.
The addition of MWCNTs improved the linearity of the electrical response and reduced
the noise of the electrical change curves, especially in the through-thickness tests. The
∆𝑅

(𝑅 ) for each load cycle increased as the concentration of MWCNTs increased, and at the
𝑜
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same crosshead speed and maximum elongation, the 0.5 wt% MWCNTs CFRP composite
experienced the largest relative change in electrical resistance.
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Figure 6:13 Relative electrical resistance change and strain as a function of time for neat epoxy
CFRP, under bending cyclic loading with a crosshead speed of 40 mm/min and maximum
deflections of 3 mm on (a) the tension side, (b) compression side and (c) through-thickness.
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Figure 6:14 Relative electrical resistance change and strain as a function of time for 0.3 wt%
MWCNTs CFRP composite, under bending cyclic loading with crosshead speed of 40 mm/min
and maximum deflection of 3 mm on (a) the tension side, (b) compression side and (c) throughthickness.
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Figure 6:15 Relative electrical resistance change and strain as a function of time for 0.5wt %
MWCNTs CFRP composite, under bending cyclic loading with a crosshead speed of 40
mm/min and maximum deflection of 3 mm on (a) the tension side, (b) compression side and (c)
through-thickness.

Figure 6:16 shows the variation of GF values with an increased concentration of
MWCNTs within the composite material for through-thickness tests. The GF increased
from around 2.5 to 3.5 for 0.3 wt% MWCNTs CFRP and from 2.5 to 5.5 for 0.5 wt%
∆𝑅

MWCNTs CFRP, this was due to the continued increase in the values of ( 𝑅 ). The addition
𝑜

of 0.5 wt% MWCNTs increased the GF value, improved the linearity of the response, and
reduced the noise of the electrical change curves, especially in the through-thickness tests.
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Figure 6:16 Comparison of the variation in gauge factor under bending loading for different
MWCNTs CFRP during through-thickness tests.

The effect that the crosshead speed has on the electromechanical response of
CFRP composite
The previous section showed that the addition of 0.5 wt% MWCNTs had an optimal
improvement in the electromechanical response of CFRP composite material. Hence, this
section aims to examine the effects the crosshead speed on the electromechanical
response of 0.5 wt% MWCNTs CFRP composite under bending cyclic loading, as shown
in Figure 6:17. In the through-thickness test, the maximum elongation was 3 mm and the
crosshead speeds were 60, 80 and 100 mm/min (Figure 6:17). It is clear that the response
time of the composite decrease when the crosshead speed increase, which in turn reduce
the movement of electrons through different conductive pathways during cyclic loading.
∆𝑅

Increasing the crosshead speed reduces the value of the ( 𝑅 ).
𝑜
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Figure 6:17 Relative oblique electrical resistance change and strain as a function of time for 0.5
wt% MWCNTs CFRP composite, under bending cyclic loading with a maximum deflection of 3
mm and crosshead speeds of (a) 60 mm/min, (b) 80 mm/min and (c) 100 mm/min.

The effects that the crosshead speeds had on the GF values are shown in Figure 6:18,
basically the GF values decrease as the crosshead speed increases. The recorded GF value
at 40 mm/min crosshead speed was approximately 5.5 (Figure 6:16), and it decreased to
around 3.8, 3.5 and 3 when the crosshead speed increased to 60, 80 and 100 mm/min,
respectively. Basically, the through-thickness (oblique) resistance is a good indicator of
the effects of the crosshead speed on the change in strain of the interior internal structure
of 0.5 wt% MWCNTs CFRP composite under cyclic loading.
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Figure 6:18 Comparison of the variation in gauge factor vs crosshead speed, under bending
loading through-thickness tests.

The effect that the maximum deflection has on the electromechanical
response of the CFRP composite
This section will investigate the effects that the maximum deflection values and their
strain have on the relative through-thickness (oblique) resistance change of 0.5 wt%
MWCNTs CFRP composite under three-point bending cyclic loading. In conjunction
with previous results at a maximum deflection of 3 mm (Figure 6:15), further examination
was carried out at maximum deflections of 5 and 10 mm (Figure 6:19), the results showed
∆𝑅

that the ( 𝑅 ) decreased slightly as the maximum deflection increased. This decrease of
𝑜

∆𝑅

(𝑅 ) occurs because the adjacent laminates converge, which increases the number of
𝑜

electrical pathways and makes current penetration easy due to the presence of MWCNTs
in the epoxy resin. Furthermore, the occurrence of damage increases contact between the
fibers of the adjacent laminates and decreases the through-thickness resistance.
Furthermore, there is a decrease at the start of each cycle in the through-thickness
∆𝑅

resistance (i.e. at the end of the unloading part), observed as a shoulder in the ( 𝑅 ) versus
𝑜

time curves, it becomes more recognisable at a maximum deflection of 10 mm than at a
maximum deflection of 5 mm. This behavior is attributed to the increase of the damage
to the structure of the composite with increased of the maximum deflection. In other
words, the change in oblique resistance is a good indicator to assess the structural damage
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of 0.5wt% MWCNTs CFRP composite under cyclic loading test with increased the
maximum deflection.

Figure 6:19 Relative oblique electrical resistance change and strain as a function of time for 0.5
wt% MWCNTs CFRP, under bending cyclic loading with a crosshead speed of 40 mm/min and
maximum deflections of (a) 5 mm and (b) 10 mm.

The GF values decreased with the increased of the maximum deflection applied to the
sample, the GF was around 5, 2.5 and 1.5 at maximum deflection 3, 5 and 10 mm
respectively (Figure 6:20).
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Figure 6:20 Variation in the gauge factor vs maximum deflection, for 0.5 wt% MWCNTs CFRP
composite under bending loading through-thickness tests.

The electromechanical response of the CFRP composite over a high number
of cycles
To investigate the electromechanical behaviour of 0.5 wt% MWCNTs CFRP composite
∆𝑅

during a high number of cycles, the ( 𝑅 ) through the thickness was assessed under three𝑜

point bending. The crosshead speed was 40 mm/min, and maximum deflection was set to
∆𝑅

10 mm for 500 cycles. The values of ( 𝑅 ) decreased when the number of cycles increased
𝑜

during the bending test (Figure 6:21a and b) due to plastic deformation during the first
few cycles resulting from a concentration of manufacturing stress in the composite
structure which corresponded to how the fibers are aligned. It can also be attributed to
fiber initiate and continuing growth damage which increases contact between the carbon
fibers of the adjacent laminates and reduces the composite electrical resistance [324, 325].
∆𝑅

As shown in Figure 6:21c, shows, the maximum and minimum values of ( 𝑅 ) barely
𝑜

changed after approximately 50 cycles, but the electromechanical response gradually
became steadier and reversible at each cycle. The calculated GF was approximately 1.7
at the beginning of the test, but then it suddenly increased to 2.2 at 100 cycles, as shown
in Figure 6:21d. As the cycles continued the GF did not show a high difference for up to
400 cycles, where its value increased to 2.5. This stable electromechanical response is
due to a simultaneous change in the electrical and mechanical properties. MWCNTs
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provided new conductive pathways for the electrons to cross the sample towards the
electrodes
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Figure 6:21 Electromechanical response (oblique) vs time of 0.5 wt% MWCNTs CFRP
composite at a crosshead speed of 40 mm/min and maximum deflection of 10 mm for 500
cycles: (a) 0 to 500th cycles, (b) 5th to 10th cycles, (c) 300th to 305th cycles and (d) gauge factor
vs the number of loading cycles.
∆𝑅

Figure 6:22a, shows that as the number of cycles increased, the thickness (oblique) ( 𝑅 )
𝑜

can be divided into three regions. At the beginning of the test (crosshead speed of 100
∆𝑅

mm/min and maximum deflection of 10 mm), the peaks of the ( 𝑅 ) cycles gradually
𝑜

decreased, accompanied by a shoulder at the end of the unloading curve at each cycle, as
∆𝑅

shown in Figure 6:22b. At the middle of the tests, the peaks of the ( 𝑅 ) cycles decrease
𝑜

became steady and the shoulder increased (Figure 6:22c). After around 500 cycles, the
∆𝑅

peaks of the ( 𝑅 ) cycles gradually increased and the shoulder became clearer and the
𝑜

curve noisier, as shown in Figure 6:22d. This change in electrical response occurred
because the composite structure deformed due to the cyclic loading effect. At the
beginning of the test the damage led to the rearrangement of carbon fibers and
concentration of MWCNTs [326, 327], this rearrangement then leads to an increase in the
number of pathways through which the electrons can move through the composite
thickness, however, at higher numbers of cycles, the permanent damage increases the
through-thickness resistance and reduces current penetration.
There are two perpendicular orientations in the CF mats, 0 and 90 degrees. With
deformation, new conductive paths are generated, and the electrons can flow through the
900 fibers and generate a new peak. Fiber-fiber contact, as well as their orientation or
contact angles (i.e. the angles between fibers in the tension and non-tension directions),
have significant effects on the electrical resistance of fiber reinforced composite. As the
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neighbouring crimped fibers touch, they generate new conductive paths [242], and during
loading, the crimped fibers in the tension direction (i.e. perpendicular to the electrodes)
are straightened, so the contact points between neighbouring fibers decreases and
resistance increases. At the same time, the fibers in the non-tension direction are squeezed
such that they can change their orientation and contact angle, so when the angle between
the fibers is 90o, there is no current flow through the fibers in the non-tension direction
and any change in sample resistance depends on conductive change in the tension
direction. At the end of each cycle, these variations in the contact angles appear as a small
peak in the electrical response. The increased peak values which occur as the number of
cycles increases is due to the orientation of the fibers or changes in contact angles [241].
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Figure 6:22 Electromechanical response (oblique) of the 0.5 wt% MWCNTs CFRP composite at
a crosshead speed of 100 mm/min and maximum deflection of 10 mm for about 2000 cycles: (a)
0 to 2000th cycles, (b) at the beginning of the test, (c) at the mid part of the test and (d) at the
end part of the test.

Electromechanical and FBG wavelength response of CFRP
composite
Figure 6:23 shows the embedded FBG sensor into 0.5 wt% MWCNTs CFRP composite.
The light areas represent carbon fiber plies in a transverse direction and the dark areas
represent carbon fiber plies in a longitudinal direction. Figure 6:23a shows the FBG
sensor and its coating layers.
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FBG coating layers
FBG’s core

Figure 6:23 Polished samples of an FBG sensor embedded within the CFRP composite.

Figure 6:24 shows the FBG reflection spectra before and after being embedded between
the CF layers. The FBG signal was shifted after fabrication. The shifting wavelength peak
is similar to the shifting nanocomposite (Chapter 4), this is due to the nanosuspension
shrinking after curing.

Figure 6:24 FBG reflection before and after being embedded into the CFRP composite.

The SEM image shows that the surface fracture of the FBG and its coating materials are
at the same height as the fractured surface of the composite, and there is no pull-out effect
which can be observed. The conclusion is that the FBG sensor has bonded well with the
composite and therefore a reasonable sensing performance of FBG under cyclic loading
can be expected.
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Figure 6:25 Fracture surface of Embedded FBG sensor within the CFRP composite.
∆𝑅

The correlation between the strain-( 𝑅 ) and FBG wavelength during the bending cyclic
𝑜

loading for 0.5 wt% MWCNTs CFRP composite is shown in Figure 6:26. The rate of
change of the Bragg wavelength is between 1550 and 1561nm, these values increase as
the load increases, which is identical to the change in the strain rate at each cycle. This
change in the wavelength was constant during the periodic test, as shown in Figure 6:26
(a) and (b). This constant response of the wavelength indicates that the direction of crack
growth is along way from the sensor, in other words, the FBG wavelength changed
because the sample stretched as a result of the applied strain, without the initiation or
growth of critical cracks around the sensor’s position. To solve this problem, some studies
have suggested using multiple embedded sensors to increase the monitoring capability
and detect defects within the composite structure of large scale panels [328]. However,
adding more FBG sensors reduces the damage resistance of the panel and also increases
the cost. For long-term service, the durability, reliability, and replaceability of embedded
FBG sensors are still big challenges for many applications [329]. The large size of the
embedded FBG relative to the carbon fiber plies can cause a local distortion in the
composite structure [330]. Note that the relative change in electrical resistance is reliable
in terms of evaluating the effects of cyclic loading on the composite structure, as has been
shown previously in this chapter Figure 6:26 shows there are small peaks accompanying
the electromechanical response, attributed in this chapter as a reaction to the structural
change in the composite material, but for the wavelength response the appearance of small
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peaks cannot be noted in the curve, which indicates that the electromechanical response
is more sensitive to structural change in the composite material.

Figure 6:26 Electromechanical and wavelength responses of 0.5 wt% MWCNTs CFRP
composite during cyclic bending at a crosshead speed of 40 mm/min and maximum deflection
of 3 mm for (a) the whole test, (b) at the beginning of the test and (c) at the end part of the test.
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Summary
This chapter has examined the effects of adding MWCNTs on the electrical and
electromechanical properties and the strain self-sensing of CFRP composite. The neat,
0.3 and 0.5 wt% MWCNTs CFRP composites were manufactured using a VARTM
process. A four-probe technique was used to measure the surface resistivity of the CFRP
composites, which decreased when the concentration of MWCNTs in the CFRP was
increased. The electromechanical behaviour of the CFRP composites was examined by
applying separate tension and bending cyclic loads and then measuring the resulting
electrical resistance. The relative resistance change was measured on the surface and
through-thickness (oblique) of the samples during cyclic loading, and the results showed
that the conductivity, electromechanical response and strain sensitivity had improved
when 0.5 wt% MWCNTs were added to the CFRP composite. With regards to the change
in surface resistance, the composite under a bending cyclic loading test showed better
sensitivity and linearity than the composite under a cyclic tensile loading test because the
change in CF-CF contacts and current penetration at each cycle had increased. Oblique
resistance is a better indicator of changes to the microstructural strain than surface
resistance because it deals with the internal region. The homogeneous distribution of
MWCNTs within the isolated area between the carbon fiber layers increased the indirect
CF-CF contacts of the composite structure. Through-thickness (oblique) resistance was a
good indicator of the effects that crosshead speed had on the change in strain of the
internal structure of 0.5 wt% MWCNTs CFRP composite under cyclic loading, the results
show that the GF values decreased as the crosshead speed increased. The samples were
tested at maximum elongations of 3, 5 and 10 mm. The proportion between the change in
relative electrical resistance and change in strain decreased, and the gauge factor values
decreased as the maximum deflection increased. Real-time monitoring of the dynamic
strain progressive change for 0.5 wt% MWCNTs CFRP composite under bending cyclic
loading was also evaluated.
An FBG sensor was used to monitor the strain response which agreed well with the
electromechanical response during the cyclic bending loading. The constant response of
the changing wavelength of FBG revealed its ability to sense the dynamic strain and the
damage within the structure of the CFRP composite.
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Conclusions and recommendations
Conclusions
In this study, the effect of adding MWCNTs on the mechanical, electrical and
piezoresistive behaviour of the epoxy matrix as well as carbon fiber reinforced epoxy
CFRP composites were studied. The main findings of this study are as follows:
1. By using an ultrasonication method in short and intermittent time intervals, a good
dispersion of MWCNTs in the resin was achieved. The scanning electron
microscopy (SEM) of the fracture surface showed a homogenous dispersion of the
MWCNTs within the epoxy matrix and different fracture modes of the reinforced
nanocomposite at different concentrations of MWCNTs. The rheological results
showed that the viscosity increased from 0.85 to 185 Pa.s when the concentration of
MWCNTs was increased from 0 to 1 wt% at a shear rate of 1 s-1, and decreased when
the shear rate was increased. Whereas an increase in temperature up to 80 oC resulted
in a decrease in the viscosity, the decrease in viscosity of neat epoxy was more than
the decrease at 0.3, 0.,5 and 1 wt% MWCNTs nanosuspension because the
movement of epoxy chains was impeded by MWCNTs.
2. The addition of 0.3 wt% and 0.5 wt% MWCNTs enhanced the tensile strength,
Young’s modulus and fatigue performance of nanocomposite more than other
concentrations, the tensile strength was increased from approximately 58 to 60 Mpa,
and from approximately 66 to 68 Mpa at crosshead speeds of 1 and 10 mm/min,
respectively. The percentage of damage of the nanocomposite increased with the
number of fatigue cycles due to the permanent structural damage which occurred
spatially after approximately 600 cycles. 0.3 wt% and 0.5 wt% MWCNTs
nanocomposite showed less increase in damage than the other nanocomposites. The
surface and volume electrical conductivity of the epoxy nanocomposite increased as
the concentration of MWCNTs increased for a threshold percolation of
approximately 0.3 wt% MWCNT. The piezoresistive behaviour showed the
MWCNTs had a significant effect on the strain sensitivity of the nanocomposite.
After comparing the electromechanical responses of all the tested nanocomposites,
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the 0.5 wt% and 1 wt% MWCNTs nanocomposite had more linear and reversible
responses under tensile cyclic loading. The GF decreased from around 2.1 to 1.75
when the concentration of MWCNTs increased from 0.5 to 1 wt%. The GF decreased
slightly when the crosshead speed increased, which indicates the nanocomposite can
be used for self-strain sensing under different crosshead speeds. When the number
of cycles increased to more than 1000 the GF values changed slightly, they were
stable at 1.7 up to the 800th cycle and then increased to 1.9 at the 1000th cycle.
3. The morphology characterisation of carbon fiber reinforced epoxy composite had a
homogeneous distribution of fiber tows in the matrix and MWCNTs in the affluent
areas of the epoxy matrix between the fiber tows. The addition of 0.3 and 0.5 wt%
MWCNTs improved the tensile strength of the CFRP composite by 36% and 24%,
and by 24% and 12.6%, respectively at crosshead speeds of 1 and 10 mm/min,
compared to the tensile strength of CF reinforced neat epoxy composite. The fatigue
performance was also improved by the addition of 0.3 and 0.5 wt% MWCNTs,
where it was found that the damage metric decreased by around 49% and 27%,
respectively, compared to the results for neat epoxy CFRP composite. The electrical
conductivity and electromechanical performance of CFRP was enhanced by the
addition of MWCNTs because MWCNTs form a conductive net that increases the
conductivity of the matrix, and hence the indirect CF-CF contacts. The relative
∆𝑅

electrical change ( 𝑅 ) of the surface and through-thickness (oblique) of neat, 0.3 and
𝑜

0.5 wt% MWCNTs CFRP was evaluated during cyclic loading of tensile and threepoint bending tests, it was found that:
➢ Under cyclic tensile loading, there was an insignificant change in the GF of
longitudinal surface resistance measurements when the crosshead speed was
increased from 20 to 40 mm/min. The through-thickness (oblique) resistance
and the GF increased with increases in the concentration of MWCNTs and
decreased as elongation increased. This was attributed to the continuous and
regular increase of strain with regression and irregular change in the relative
resistance.
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∆𝑅

➢ For the bending cyclic loading, in the compression side of the sample, ( 𝑅 )
𝑜

∆𝑅

decreased as the load increased in each cycle, unlike the change ( 𝑅 ) in tension
𝑜

∆𝑅

side and through-thickness. The ( 𝑅 ) alteration that measured through𝑜

thickness (oblique) was clearer and not as noisy as that measured on the
surface of tension and compression sides of the sample. Relative to the results
for neat epoxy, the GF increased from about 2.5 to 3.5 for a 0.3 wt%
MWCNTs CFRP sample and from about 2.5 to 5.5 for 0.5 wt% MWCNTs
CFRP. This indicates that the addition of 0.5 wt% MWCNTs led to the
optimal improvement in the electromechanical response of CFRP composite.
The GF values decreased as increased in the crosshead speed. The throughthickness (oblique) resistance is a good indicator of the effects the crosshead
speed had on the change of strain of the internal structure of 0.5 wt%
MWCNTs CFRP composite under cyclic loading. The GF values decreased
as the maximum deflection (elongation) increased because the damaged
fibers which increased the CF-CF contacts also increased current penetration
through the thickness. At a higher number of cycles, the 0.5 wt% MWCNTs
CFRP composite exhibits high durability and sensitivity to the structural
change.
➢ The changing response of the embedded FBG wavelength showed reasonable
agreement with the electromechanical response during cyclic bending
loading. The constant response of the FBG wavelength change revealed the
ability of FBG to sense the change in strain change and the damage within the
structure of the nanocomposite and CFRP composite.

Recommendations
1.

In this research, the sonication method was used to achieve good dispersion and
low viscosity at different concentrations of MWCNTs in the epoxy suspensions.
The parameters of the mixing process were: power amplitude (70%), sonication
time (30minutes), plus time (2s-2s), and suspension temperature (less than 50oC).
To check the impact that these parameters had on the dispersion and viscosity of
the suspension, an extensive parametric study is needed. The Taguchi method
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could be used to design the experiments to identify the optimal parameters for
good dispersion and low viscosity.
2.

The effect that the number of cycles, maximum elongation and crosshead speed
had on the electromechanical response were examined under laboratory
conditions. To apply CFRP composite safely for long periods of service, wireless
communication technologies could be used to collect, monitor, and analyse the
piezoresistance data.

3.

The tests in this work were carried out at room temperature. Because tunnelling
between the CNTs in the polymer can be significantly affected by temperature,
studying how changes in temperature would affect the electrometrical response
could be an interesting follow up topic, and be useful for applications under high
or fluctuating temperatures.

4.

Estimating the performance of FRP composite was mainly achieved under a
constant strain level which cannot simulate most of the applications areas,
particularly where the composite is exposed to different levels of strain.
Therefore, numerical and experimental work is needed to investigate the effects
that pre-strain and hysteresis would have on the repeatability and monotonicity of
MWCNTs CFRP composite.
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